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Abstract
In this work, computational investigation of plasmonic nanostructures was conducted
using the commercial finite element electromagnetics solver Ansys® HFSS. Arrays of silver
toroid nanoparticles located on the surface of an amorphous silicon thin-film absorbing layer
were studied for particle sizes ranging from 20 nm to 200 nm in outer diameter. Parametric
optimization by calculating an approximation of the photocurrent enhancement due to the
nanoparticles was performed to determine optimal surface coverage of the nanoparticles. A
comparison was made between these optimized nanotoroid arrays and optimized nanosphere
arrays based on spectral absorption enhancement and potential photocurrent enhancement in an
amorphous silicon absorbing layer.
In addition to these nanotoroids, highly irregular nanostructures were investigated. These
structures were inspired by surface structures that were observed by others in the literature to be
forming during the top-down aluminum induced crystallization of amorphous silicon. A 3D
model of these irregular nanostructures was studied considering the structure’s material to range
from pure aluminum to a weighted mix of aluminum and silicon. Absorption enhancement in the
underlying silicon layer was calculated and multiple, broadband spectral resonant peaks were
observed. Parallel computation based on the Message Passing Interface (MPI) of two HFSS
parallelization methods was employed on the Arkansas High Performance Computing Center. A
2.6 times speedup and 34% reduction in memory requirements was achieved when using the
domain decomposition scheme of the package as compared to the basic multiprocessing
parallelization.
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Chapter 1: Background and Literature Review
1.1 Motivation
Solar energy, in particular silicon photovoltaic (PV) technology, offers great potential for
relieving the worldwide energy crisis and dependence on fossil fuels, as it is a source of clean,
safe, renewable energy. Due to its much lower cost as compared to other photovoltaic materials,
silicon has proven itself as the dominating force behind this technology. However, the current
cost-per-watt of commercially available solar cells is still significantly greater than fossil fuels,
which is why solar technology has not seen widespread acceptance by the public. In order for
this to change, manufacturing costs need to decrease and efficiencies must increase. The growing
field of nanoplasmonics has illustrated promising potential in addressing these two issues, as the
ability to manipulate light at the nanoscale can allow for significant reduction in the size of
silicon solar cells while greatly improving their light harvesting capabilities. By studying and
understanding how to utilize nanoplasmonics to achieve great enhancements in the performance
of solar cells it will be possible to realize a low cost, high efficiency solar cell, potentially ending
the world’s dependence on fossil fuels.
Since the earliest days of practical solar cell devices, silicon has remained a major
technology in the realm of semiconducting PV material, and for good reason. Silicon is readily
available in large quantities in the form of silicon dioxide (SiO2), as it is derived directly from
sand. It behaves well under a reasonable temperature range and has a low enough electronic
bandgap to effectively capture a wide spectral range from the incident sunlight. The greatest
advantage is that silicon has been studied in great depth, and the processing and production of
bulk silicon has been made extremely efficient. Although silicon technology does produce the
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lowest cost-per-watt for commercial solar cells as compared to other PV technologies,
processing the silicon dioxide into pure crystalline silicon is a very expensive and high energy
process as compared to fossil fuels.
The single highest cost in the production of commercially available wafer-based silicon
solar cells comes from the processing of the silicon material itself. The main reason cost is high
is that silicon must be processed as a bulk ingot and diced into wafers. Current dicing methods
limit the wafer thickness to a few hundred micrometers, which limits the number of wafers a
single ingot can yield [1]. This incites the question; can the amount of silicon material used in the
manufacture of solar cells be reduced?
The answer to the question is; yes. While traditional wafer-based silicon is on the order of
500 µm thick, technologies exist that make it possible to deposit and grow crystalline silicon on
cheap substrates such as glass and stainless steel [1] - [3]. These silicon layers, which can be less
than a few hundreds of nanometers in thickness, use much less material than thick wafer-based
counterparts and can be produced at a greatly reduced cost [4]. Why then has this technology not
taken over and provided the world with cheap, effective renewable energy? The problem is that
as the thickness of the silicon layer decreases more and more incident light will pass through
without being absorbed [2]. Since the true value of any PV device is determined by both its
manufacturing cost and light absorption efficiency, reducing cost only helps if the efficiency
does not degrade significantly. Unfortunately, this is not the case for silicon, where the
maximum theoretical efficiency decreases as the thickness of the absorbing layer becomes
thinner and thinner [4].

2

In order for thin-film silicon to become a viable solution to the problem of high
manufacturing cost of effective solar cells a novel method of increasing the absorption within the
PV layer is needed. The most promising method is to exploit the plasmonic phenomenon of
Noble metallic nanostructures, such as gold and silver. By utilizing subwavelength metallic
nanostructures incident electromagnetic radiation can be localized into very small locations near
the plasmonic nanostructures. Additionally, scattering of the energy transmitted into the
absorbing layer can occur such that the light is coupled into lateral waveguide modes, which
effectively traps the transmitted light within the absorbing layer [5]. Together, this can greatly
increase the optical absorption of silicon and improve the conversion efficiency of thin film solar
cells.
1.2 Background of Nanoplasmonics
In order to further understand the fundamental theory of plasmonics, consider Figure
1.2.1 (a). Illustrated here is a metallic structure under the influence of an external electrostatic
field, where the grey circle represents the metal and the red lines represent the electric field flux
lines. One of the characteristic properties of perfect electric conductors is that mobile conduction
electrons will arrange themselves within the material such that the net electric field inside the
material is zero. Thus, exposing the metal to this external field will cause a displacement of the
conduction band electrons from the atoms they were generated from. This leaves a bulk
collection of negatively charged mobile electrons on one side of the material and fixed positive
ions on the other side, illustrated in Figure 1.2.1 as (-) and (+), respectively. This separation of
charge induces an internal electrostatic field, represented by the red lines inside the material,
which effectively cancels the external field. This ensures that the condition of zero net electric
field inside the conductor is satisfied, as the external field inside the conductor (not shown) is
3

canceled by the opposing field generated inside the conductor by the field generated by the
separation of charge.

(b)

(a)
External Electrostatic Field
Metallic
Nanoparticle

Conduction Electrons

Internal Electric Field

Electron-Ion
Displacement

Positive Ions

Figure 1.2.1: A metallic nanoparticle under the influence of an external electrostatic field
Now, consider the response the instant that the external electrostatic field is removed,
depicted in Figure 1.2.1 (b). At this moment charge separation is still present within the material,
generating the previously described internal electric field. However, now the net field within the
material is no longer zero and the mobile electrons will experience a restoring force that will
return these displaced electrons to their corresponding ions.
For simplicity, consider the displacement of a single electron from its corresponding ion
illustrated in Figure 1.2.1. Since the charge is once again mobile (i.e. not being held in place by
the external field) the electrostatic force between the electron and ion will act as a restoring force
and pull the electron back towards the ion. Collectively, the electrons will not immediately
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recombine with the ions. As they are pulled towards the ions their inertia will carry them to the
opposite side of the ions. This oscillation of electrons around the ions is depicted in Figure 1.2.2,
where the electron displacement from its corresponding ion is shown oscillating and decaying
over time. This oscillation is at a frequency ωp, period 2π/ωp and decays in time due to ohmic
losses until the electrons are back with their ions and the net field in the material is again

Electron-Ion Displacement (x)

returned to zero [5] [6].

Time

2π/ωp

Figure 1.2.2: Electron-ion displacement versus time in metallic nanoparticles
Care must be taken when discussing plasmonics, as there are two main types of
plasmons. The first of these are known as bulk plasmons. In bulk plasmons, the charge
oscillations occur throughout the volume of the conductive material. The second type of plasmon
are surface plasmons, where the plasma oscillations only take place at the material surface and
the conduction band electrons inside the material are unaffected [6]. Although this thesis did not
specifically address the different phenomena associated with each of these types of plasmons, it
is important to note that these two distinct types do exist. The work presented here was
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associated with surface plasmons and the enhancement of the localized fields dues to this
phenomenon.
There are two main characteristic mechanisms which lead to the plasmonic enhancement
of the electromagnetic energy absorption in a semiconducting thin-film layer, and in turn the
enhanced photocurrent generation of a solar cell. One of these mechanisms is the subwavelength
near-field concentration of the electromagnetic energy that is coupled with the plasmonic
nanoparticles. When an electromagnetic plane wave of frequency ωp is absorbed by a metallic
nanoparticle and reemitted, the fields reemitted become highly concentrated in the near-field of
the particle, sometimes several orders of magnitude higher than the incident wave. With
plasmonic nanoparticles placed near or inside a PV absorbing layer, this near-field concentration
of the incident light leads to higher field absorption in these regions. As the light wave
propagates deeper into the PV absorbing layer the intensity of the light is further decreased due
to the attenuation properties of the material. As such, more light will be absorbed before
traveling further into the absorbing layer than if no nanoparticles are present [5] - [8]. Since
silicon thin-film solar cells have the potential problem of having the light pass out of film before
it is absorbed, this phenomena can significantly help the concentrated light be absorbed before it
escapes the absorbing layer.
The second mechanism leading to the plasmonic enhancement of photocurrent generation
arises from the light scattering properties of plasmonic nanoparticles. When an incident
electromagnetic wave interacts with a plasmonic nanoparticle the transmitted wave will have
components that propagate tangential to the propagation of the incident wave [6]. That is, the
wave will be scattered laterally by the nanoparticle. When these particles are located at the front
of an absorbing thin-film layer, the waves transmitted into the silicon will be transmitted at non6

normal angles [5] [8] [9]. If waves transmitting into the thin-film layer propagate at an angle
greater than the critical angle of the absorbing layer/air (high/ low index of refraction) interface
the light will become “trapped”. Total internal reflection will occur and any light that is reflected
back from the back conducting surface of the solar cell will be totally reflected back again at the
absorbing layer/air interface [9] [10].
The mechanisms of the enhancement of electromagnetic energy absorption in PV thinfilms are illustrated in Figure 1.2.3.

500 nm

Silicon

Air

Nanoparticle
Array

500 nm

Figure 1.2.3: Electric field distribution in silicon due to infinite array of silver nanospheres
This illustration comes from the results of the plasmonic nanosphere array optimization
presented in Section 3.3 of this thesis. Here, an infinite square array of 80 nm radius silver
nanospheres with 320 nm center-to-center spacing were located 2 nm above a silicon absorbing
layer. The 2 nm gap represents the displacement between the nanoparticles and the absorbing
layer surface that would occur due to a native oxide layer on the silicon surface. The domain was
illuminated by an incident plane wave propagating in the downward direction, as indicated by
7

the straight black arrows, at a wavelength of 530 nm. This figure illustrates a two-dimensional
cross section of the computation where the electric field magnitude |E| was plotted in the upper
air and lower silicon regions. The black circle in the figure indicated the area directly below the
nanospheres where the near electric field was enhanced [11] - [14]. The arrows below the
nanospheres indicate the scattering of the transmitted waves into lateral directions, which had
potential to lead to total internal reflection and trapping of the light inside of the absorbing layer
[9] [15] [16].
1.3 Silicon Photovoltaics
Since the first conceptual demonstration, silicon PV devices have been studied in such
great depth that dozens of books and hundreds, if not thousands of research articles have been
written on the subject. While this thesis did utilize the theory of semiconducting PV devices,
only the fundamental theories pertaining to single junction devices, photon absorption and
photocurrent generation were needed to understand the content of this work. Additionally, it was
assumed that the reader has a basic an understanding of the fundamental properties of
semiconducting materials. For those readers who would like to refresh their understanding of
these areas, the text “Principles of Semiconductor Devices” by Sima Dimitrijev provides a strong
background of the theory of semiconductors [17] and “Solar Cells” by Martin Green covers the
majority of aspects of solar cell theory and design [2].
In order to understand the PV effect of silicon, first consider a basic single junction
photodiode. This structure has two regions, one doped with donor ions (atoms with five valence
electrons) and another doped with acceptor ions (atoms with 3 valence electrons). This doping
creates a built in voltage bias across the two regions, and as such an internal electric field [17].
When a photon enters the silicon it can be absorbed by the electrons or nuclei of the material. If
8

the photon does not have sufficient energy to promote a valence band electron into the
conduction band the photon energy will be converted to thermal energy and dissipated within the
material. However, if the photon is absorbed by an electron in the valance band and the photon
energy is equal to or greater than the energy difference between the valance and conduction
bands then the valence electron can be promoted to the conduction band where it can contribute
to current flow, provided it does not lose energy and recombine before it is collected by the
electrodes [2].
A critical aspect to consider during the design of any solar cell device is the AM 1.5 Solar
Spectrum, shown in Figure 1.3.1 [2].

1400

Intensity (W/m2 um)

1200
1000
800
600
400
200
0
300

500

700

900

1100

Wavelength (nm)

Figure 1.3.1: The AM 1.5 solar spectrum [2]
This is an average of the power in watts reaching the surface of the Earth over a square
meter surface, versus the wavelength of the incident light. This provides much insight into what
critical factors should be considered when designing plasmonic enhanced solar cells. For
9

example, note how the intensity falls off dramatically at the shorter wavelengths, reaching almost
zero at λ = 300 nm. Plasmonic enhancement in the regime, then, is undesirable, as there is not a
significant amount of incident light to enhance in the first place. Similarly, at the longer
wavelengths there are significant dips in the intensity, corresponding to atmospheric absorption
bands [8]. Similar to excessively short wavelengths, designing plasmonic solar cells with
resonances centered in these low points will not provide significant enhancement of light
absorption.
Consider Figure 1.3.2, the spectral distribution of the maximum possible photocurrent
generation due to absorption in an amorphous silicon layer considering various thicknesses of the
absorbing layer. This was a model of AM 1.5 illumination incident on a single amorphous silicon
absorbing layer, with reflection and exponential dependence of the energy absorption in the
silicon layer for variable thickness of the absorbing layer. Full details of this model are discussed
in Section 2.10 of this thesis.

Maximum Photocurrent
Generation (mA/m2nm)

0.5

Absorbing
Layer
Thickness

0.4

.
0.3

20 um
5 um

0.2

2 um
1 um

0.1

0.5 um
0
300

500

700
900
Wavelength (nm)

1100

Figure 1.3.2: Spectrum of the maximum possible photocurrent generation due to AM 1.5
illumination incident on an amorphous silicon absorbing layer
10

The black curve traces the maximum possible photocurrent generation due to an infinitely
thick absorbing layer. Each consecutive curve, then, illustrates how this photocurrent generation
decreases as the absorbing layer decreases in thickness. This was especially true for longer
wavelengths, where the maximum photocurrent generation falls off dramatically as the silicon
layer decreases.
Consider λ = 900 nm, where the photocurrent generation was 0.40 mA/m2nm for an
infinitely thick absorbing layer. For a 20 μm thick layer, this was reduced to 0.14 mA/m2nm;
35.6% of the maximum. This was even more drastic for the 0.5 μm thick absorbing layer, where
the photocurrent generation was reduced to 2.5% of the maximum; 0.01 mA/m2nm. Now,
consider λ = 500 nm, where the photocurrent generation was 0.31 mA/m2nm for an infinitely
thick absorbing layer. For a 20 μm thick layer, this did not change as almost 100% of the energy
was absorbed. For a 0.5 μm thick absorbing layer the photocurrent generation was reduced to
0.14 mA/m2nm; 45.2% of the maximum. Considering this, it becomes apparent that reduction of
the absorbing layer thickness has a much greater negative effect on the energy absorption for
longer wavelengths than shorter ones. This is expected, as the penetration depth in silicon
increases with the wavelength of incident light [2]. If thin absorbing layers are to be utilized to
reduce the cost of silicon PVs, it is imperative for the absorption at these longer wavelengths to
be increased.
1.4 Review of the Literature
As mentioned earlier in this chapter, nanoplasmonics offer great potential for
manipulating light at the nanoscale. Much work has been put forth to quantify the plasmonic
effects of metallic nanoparticles and investigate the various effects parameters such as shape,
size, surrounding medium, material properties and particle interactions have on the plasmon
11

resonances. The literature can be divided into two main categories; the first consisting of works
specifically studying the plasmon resonances of nanoparticles and the second being the
investigation of the effects plasmonic nanoparticles have on the enhancement of light absorption
in PV devices.
A significant fraction of the literature covering nanoplasmonics investigated the
plasmonic resonance of various geometries of nanoparticles [7] [14] [18] - [26]. Cao et al.
experimentally studied the resonances of isolated silver nanoparticles. Disk, square and
triangular shaped nanoparticle arrays were fabricated with large array spacing to reduce
interparticle coupling and observe the resonant properties of the single particles themselves.
These experimental results were compared to theoretical analysis using the discrete dipole
approximation, and it was found that the location of the resonance peaks match well for all cases
[18]. Fischer and Martin computationally investigated bowtie and rectangular dipole geometries
using the Green’s tensor technique. It was found that in the optical range the field enhancement
in the dipole gap was over three orders of magnitude for the smallest gaps investigated.
Additionally, the rectangular dipole was found to have not only stronger resonances, but also
multiple resonance modes, as compared to the bowtie dipole which had lower intensity and
single mode resonances [7]. Khurgin and Sun performed computational work simulating the
effects of disorder in two dimensional arrays on the amplitude and spectral location of the
plasmon resonances. Here, a model for a square array of nanodisks was developed in which
disorder in the array could be systematically added. It was found that addition of disorder such as
this can actually improve coupling of plasmons to surrounding structures, which indicates
potential for the enhancement of PV devices [19]. The computational work by Sendur
investigated the effects of focused beam excitations on the plasmonic resonances of single
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metallic nanoparticles. This demonstrated how excitations of different angles could excite
plasmon resonances that do not occur for normal incidence excitations [20]. Theoretical finitedifference time-domain work by Beck et al. illustrated the effects of altering the surrounding
medium on the plasmonic resonance of a single silver nanodisk. Here, the nanodisk was modeled
on the surface of a high refractive index substrate and it was shown that interactions between the
substrate and the nanodisk led to the excitation of surface plasmons on the substrate surface [14]
Langhammer et al. studied aluminum nanodisk arrays of disk sizes ranging from 61 to 492 nm.
Here, experimental fabrication and measurement of the arrays was compared to a spheroid
theory, where the disks were approximated as an array of spheroids embedded in a homogenous
effective medium. Good agreement between the spheroid theory and the experimental results
was found [21]. Interesting work by Large et al. illustrated an important consideration to be
made when modeling plasmonic nanoparticles. Here, arrays of disk-ring resonators were
modeled, as well as fabricated and characterized. The model was then varied to incorporate
various degrees of sharpness of the nanodisk-ring edges. It was shown that rounding of sharp
edges such as these can have a drastic impact on the spectral location and strength of the
resonance, in certain cases shifting the resonance several hundred nanometers in wavelength. It
was found that computational results with the round edges were a better match to the
experimentally measured results [22].
Particularly important to this thesis work, nanoring and nanotoroid geometries were
investigated as well [23] - [26]. A quasi-static analytical solution of the plasmon resonance of a
metallic nanotoroid in the optical range was illustrated by Mary et al. Here, the analytic solution
was compared to numerical simulations utilizing the dyadic Green method for several geometries
of gold nanotoroids, and good agreement was found between the two methods. It was found that
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the spectral location of the plasmon resonance was directly related to the height to width aspect
ratio of the nanotoroids. Experimental fabrication and measurements were performed, which
verified this trend as well [23]. Use of the method of moments (MoM) surface integral equation
for analyzing gold nanotoroids was first investigated by El-Shenawee et al. in [24]. This
computational work was continued by El-Shenawee, where a two nanotoroid dimer configuration
was investigated in great detail. It was illustrated that the polarization of the excitation with
respect to the dimer strongly influenced the modes of the plasmon resonances excited within the
nanotoroids. Gap separation between the two nanotoroids was shown to alter the spectral
location of the plasmon resonance when the polarization of the excitation was oriented along the
length of the dimer, while for polarization perpendicular to the nanotoroid dimer a shift in the
amplitude of the resonance was observed, with little change in the spectral location of the
resonance [25]. More recently, El-Shenawee et al. again utilized the MoM to numerically
investigate the plasmon resonances in finite gold nanotoroid arrays, and a method for the
fabrication of uniform gold nanotoroids, in collaboration with other researchers, was presented
[26]. The numerical results demonstrated significant increases in the extinction coefficient of
uniform, finite arrays as well as a shift in the resonance to longer wavelengths. Also presented in
[26] was an analysis of a non-uniform array, in which the nanotoroids of the array were
composed of varying geometries. This showed that for such non-uniform arrays multiple
resonance peaks occurred, which correlated to the individual resonances of the different
nanotoroid geometries composing the array [26].
Much work has been put forth to investigate the phenomena and parameters that
influence the enhancement of light absorption in silicon PV devices by plasmonic nanostructures
[8] [9] [13] [15] [16] [27] - [32]. One of the very first works to experimentally illustrate the
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potential for plasmonic enhancement of energy absorption in silicon thin-film solar cells was
performed by Derkacs et al. Here, it was found that surface deposited gold nanoparticles on a
thin-film silicon solar cell increased the short-circuit photocurrent generation by 8.1%. This was
supported by finite element method simulations, which indicated that much larger enhancements
could be achieved by altering particle size and surface coverage [33]. Ferry et al. investigated the
design, fabrication and measurement of silicon thin-film solar cells with rear mounted plasmonic
structures. Here, gold plasmonic structures were patterned on the back contact of a thin-film
solar cell with the absorbing layer deposited on top. This regular patterning of the back contact
was shown to improve short-circuit current response of the cell by 50% as compared to a flat rear
contact reference cell [9]. Ouyang et al. developed a polycrystalline thin-film silicon solar cell
deposited on a glass substrate where gold nanoparticles were deposited on the back surface. A
maximum of 38% short-circuit current response was measured and numerical finite-difference
time-domain simulations using Lumerical® were claimed to have qualitative agreement with the
measured results [28]. Computational work by Mokkapati et al. presented criterion for adjusting
the pitch of rear mounted gold nanoparticles on a thin-film silicon solar cell in order to maximize
the scattering cross section of the nanoparticles in the long wavelength regime of the solar
spectrum [15]. This work was continued by Mokka..pati et al., where additional computational
investigation of the nanoparticle height was studied to further improve absorption in the silicon
layer. Here, improved performance was quantified in the form of a 16 times increase in the path
length of the light in the silicon layer at an incident wavelength of 700 nm [16]. Surface
deposited aluminum, gold and silver nanoparticles of two different geometries, nanospheres and
nanocylinders were computational studied by Tsai et al. Finite element method simulations
yielded a maximum increase in energy absorption of 52% due to aluminum nanocylinders when
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the nanocylinders were placed on the front and back surfaces of the absorbing layer.
Additionally, it was found that alignment between the front and back nanocylinders was critical
to reaching this increased absorption [27]. Duhring et al. presented work comparing metallic
strip geometries composed of silver, gold and aluminum with a dielectric silicon counterpart, and
it was shown that for this geometry the non-plasmonic silicon strips may produce greater
enhancement of energy absorption. This was attributed to significant ohmic losses that occur in
the metal strips which do not occur in the silicon strips [30]. In addition to work investigating
different nanoparticle geometries and orientations, Yang et al. computationally studied the
effects of non-normal incident light on silicon solar cells with surface localized silver
nanoparticles. Here, it was found that for incident angles greater than 35° the plasmonic effects
of the nanoparticles began to degrade the absorption in the silicon layer [28]. In the work by Lim
et al., computational analysis of gold nanosphere arrays on a silicon layer illustrated how the
plasmonic enhancement of the fields in the silicon layer had dependence on the size of the
nanoparticles. Additionally, fabrication and experimental measurements were performed and
compared to the theoretical results [29]. This work is discussed in more depth in Section 2.5 as it
was a strong influence on the work of this thesis. Two publications by Akimov et al., [32] and
[31] investigated the optimization of aluminum and silver nanoparticle arrays, where the field
enhancement in the silicon layer was optimized by varying the surface coverage of the
nanoparticles. Again, these works are discussed in depth in Chapter 3 of this thesis, as they were
strong influences in the optimization study presented here.
In addition to silicon thin-films, plasmonic enhancement for other PV materials has been
studied as well [11] [12] [34] - [38]. Plasmonic enhancement by gold nanoparticles embedded in
an InGaN absorbing layer was studied by Wang et al. In this computational work using
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COMSOL Multiphysics, a maximum increase of 27.87% in the output short-circuit current of the
solar cell was found [11]. Akimov et al. utilized an effective medium approximation with Mie
theory to systematically investigate plasmonic enhancement in a Si thin-film layer. Silver
nanosphere arrays were considered and the interparticle spacing (surface coverage) and
nanosphere size were varied to determine their influence on the plasmonic absorption
enhancement [39]. Warrick et al. studied absorption enhancement due to metal nanospheres
located on the surface of a silicon thin-film absorbing layer. Using a 2D finite-difference timedomain computational method, the nanosphere material was varied between silver, copper, gold,
aluminum, titanium and platinum. Silver was shown to offer the highest enhancement, with a
quantum efficiency of 65%, although copper, a much cheaper material, was only 7% lower [40].
Experimental work by Nakayama et al. investigated a wide range of geometries for surface
localized plasmonic nanoparticles on GaAs solar cells. Despite the wide range of geometries
studied, the maximum increase in photocurrent generation was only 8%. This was attributed to
the fact that the absorbing layer in this case was 200 μm, much larger than the thin-films
normally used in the study of plasmonic absorption enhancement. This indicated that thin-film
solar cells are the application where plasmonic enhancement worked best [38]. Early work by
Rand et al. studied small, 5 nm diameter silver nanoparticles and their absorption enhancement
effects for organic thin-film solar cells. A 2D finite element solver was utilized to model these
structures, which were fabricated and measured as well. The measurements illustrated a
maximum short-circuit current enhancement of 14%, which agreed well with the theoretical
model [35]. The experimental work of Ostfeld and Pacifici took an alternate approach to
plasmonic enhancement for PVs. In their work, nanoscale holes were drilled in an ultrathin
organic thin-film layer. These holes were shown to support surface plasmon resonances and a
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46% enhancement in total absorbed power was observed. Additionally, it was noted that at an
incident wavelength of 700 nm a peak absorption enhancement of approximately 600% was
observed [37]. Lal et al. took a similar route, where hemispherical nanoscale holes covered in
silver were fabricated, measured and computationally modeled. This unique design yielded an
overall power conversion efficiency of approximately four times greater than a reference cell.
Interestingly, this was not only due to an increase in short-circuit current but also improved
open-circuit voltage of the cell [12]. Kochergin et al. computationally studied gold, silver and
aluminum nanodisks embedded in the absorbing layer of two different organic solar cells. Here,
it was found that aluminum nanodisks had the best performance, with absorption enhancements
between 50-60%. This was credited to the fact that the resonances of the silver and gold
nanodisks lay outside the absorption bands of the organic absorbing material, while the
aluminum nanodisks provided a broadband enhancement across the spectrum [34].
In conclusion, the literature shows that nanoplasmonics offer promise for improving the

absorption of light by PV devices. Particularly, this has great potential for enhancing the
efficiency of thin-films, where the strong field localizations and scattering effects are very
effective at trapping light within the thin-film. In order for plasmonics to be a viable solution to
this problem of poor absorption in thin-films, plasmonic nanostructures must be systematically
studied in order to determine the geometries, orientations and materials that provide the optimum
improvement in performance. Although experimental investigation of these parameters were key,
fabrication methods were not yet refined enough to allow such a wide range of parameters to be
studied in a reasonable amount of time. As such, the computational study of these factors in this
work was the only way that all the variables affecting the performance of a plasmonic enhanced
PV device could be analyzed in a realistic timeframe.
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Chapter 2: Computational Methodology
In this chapter, the computational methods utilized in this thesis work will be discussed.
The theory of the finite element method employed by the computational electromagnetics
software Ansys® HFSS will be discussed in detail, with a focus on the concepts critical to the
acquisition of accurate numerical results. Results illustrating the convergence of a solution with
increasing accuracy were presented and compared to results obtained utilizing the method of
moments (MoM) surface integral equation. The setup of the computational domain for the
nanotoroid and nanosphere array analysis presented in Chapter 3 are discussed and techniques
for generating and developing the 3D model of the irregular nanostructures discussed in Chapter
4 are shown. Methods of quantifying the enhancement of energy absorption in an amorphous
silicon layer due to plasmonic nanostructures are presented. The details of the supercomputing
platform on which this work was performed is shown along with speedup results utilizing
parallelization available in HFSS.
2.1 The Finite Element Method
The numerical simulations described in this thesis were performed using the commercial
finite element method (FEM) computational electromagnetics package Ansys® HFSS. The FEM
is a three-dimensional volumetric element method for solving partial differential equations. For
geometrically complex cases that have no analytic solution the FEM breaks the geometry down
into small tetrahedral elements, known collectively as the “mesh”, which together represent the
whole structure. Figure 2.1.1 shows the mesh representation for a 1/4 nanotoroid on a silicon
substrate, as discussed in Section 2.6 of this thesis. By applying the appropriate boundary
conditions, the differential equations within each element (which have exact solutions) can be
represented together as a system of equations and solved simultaneously.
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Figure 2.1.1: Surface mesh representation of a 1/4 nanotoroid geometry on a silicon layer
HFSS solves the differential phasor form of Maxwell’s equations,

(2.1.1)

Here, E and H are the phasor forms of the electric and magnetic fields, σ, ϵ and μ are the
conductivity, permittivity and permeability of the material, respectively, and ω is the angular
frequency of the excitation. After breaking the geometry down to the individual tetrahedra and
applying the excitations, the final problem solved by HFSS is a matrix equation of the form,
.

(2.1.2)

A is a known matrix determined by the geometry, b is a known vector representing the excitation
and x is an unknown vector representing the response of the material to the excitation. By
solving for x, E and H in all regions of the computational domain are found.
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One of the critical aspects considered when using the FEM was how to generate an
appropriate mesh. HFSS offers automatic mesh generation and refinement capabilities, which
were invaluable in producing a mesh that was both accurate and computationally efficient. This
is known as the adaptive meshing process. Adaptive meshing is a process where the mesh is
repeatedly refined and solved, with each consecutive refined solution being quantitatively
compared to the previous, less refined one. This process continues until the change in the
solution between passes is below a user pre-defined threshold. Once this is reached, the adaptive
meshing is considered to have converged to an accurate solution and any remaining frequency
points of interest can be solved using this mesh. If remaining frequency points are higher than
the solution frequency it is necessary to perform an adaptive meshing process at a higher
frequency as well. This ensures that the mesh has been refined for all frequencies considered.
In order to compare a refined mesh at the current stage in the adaptive process with its
previous, less refined counterpart, the average energy of the computational domain is calculated.
Once the newest mesh is solved, the average energy of the entire mesh can easily be found by
calculating the energy in each element, normalizing to the volume of the element and then
considering all the elements in the mesh. This average energy gives a single value representing
the collective response of the mesh to the excitation. HFSS first implements an initial mesh,
solves this and calculates the average energy (E1). This is referred to as the first pass of the
adaptive meshing process. Specific algorithms are then used to identify critical features of the
geometry (sharp corners, small gaps, curved surfaces, etc.) and less critical features, such as
large, homogenous regions far from resonating structures. A finer mesh is implemented on these
critical features while the mesh in the less critical areas is made coarse. This second mesh is then
solved and the average energy of the mesh is calculated (E2).
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After the second adaptive pass the normalized change in average energy (dE2) between
these two passes is calculated by;
|

|

.

(2.1.2)

Most often the adaptive meshing process requires more than two iterations. Generalizing this for
adaptive pass number i the energy difference dEi between pass i and the previous pass is;
|

|

.

(2.1.3)

This dE parameter can be set to a maximum allowable value. Therefore, HFSS will continue to
run adaptive passes until either a dE value is reached below the maximum value or the maximum
allowable adaptive passes is reached.
In addition to ensuring dE was sufficiently low, setting of the solution frequency which
these adaptive passes takes place was also of great importance. For investigations in which
multiple frequency points were of interest, performing the adaptive meshing at the appropriate
frequency was critical. Performing the adaptive meshing at each frequency would not only
require more time, but it was unnecessary as well. If set at the frequency which generates the
greatest electromagnetic response of the computational domain the adaptive meshing process can
generate a mesh that is accurate for a wide range of frequencies. Determining this frequency was
not always straightforward and required
Consider the adaptive meshing processes for a plasmonic nanostructure, where a wide
frequency range is observed but only a narrow frequency range for the resonance of the
nanostructure exists. If the solution frequency for the adaptive passes is set anywhere outside the
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resonance band the strong excitations occurring at the resonance will not be taken into account
during the adaptive meshing. The strong field interactions that were sensitive to the
nanostructure geometry will not be considered, and as such the mesh on the nanostructure will
not need to be as refined in order to reach convergence of the adaptive meshing. This can
significantly compromise the accuracy of an analysis as it may cause critical mesh features to not
be refined. In the work discussed in this thesis, often the spectral location of the plasmonic
resonance is unknown for the geometry of interest.
To address this, a solution at a user selected high frequency was first found. From the
frequency sweep of this initial solution the approximate spectral location of the resonance was
determined. The geometry was then solved again, only now setting the solution frequency closer
to the initial observed approximate resonant frequency. This process was continued until the
solution frequency of the adaptive meshing process matched the resonant frequency of the
geometry. By observing the spectral distribution of the quantity of interest (radiated power,
electromagnetic energy absorption) the appropriate solution frequency is defined as the solution
frequency that matches the resonance peak in the spectrum.
An additional factor which can drastically affect the accuracy of results is the mesh
representation of curved surfaces. Since the tetrahedra comprising the mesh have only flat
external surfaces any curved geometry must be represented by multiple flat tetrahedra. Consider
Figure 2.1.2, a 2D cross section of a curved geometry and the mesh representing it.
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Surface
Deviation (SD)

Figure 2.1.2: Mesh representation of a curved surface
Here it is illustrated that no matter how fine the mesh is it can never exactly represent the
curved surface. The physical difference between a surface and the representative mesh is known
as the surface deviation. In HFSS, the maximum allowable surface deviation (SDmax) can be set
for any surface defined in the computational domain. Previous work illustrated how SDmax was
very important for convergence of results in the simulation of plasmonic nanoparticles [41].
Section 2.3 of this thesis presents convergence results in which SDmax was applied to a curved
geometry and systematically decreased.
2.2 Frequency Dependent Material Parameters
Application of the appropriate material properties is critical in the computational
modeling of plasmonic nanostructures. In this thesis, gold (Au), silver (Ag), aluminum (Al) and
amorphous silicon (a-Si) were the materials considered. The frequency dependent values of the
real and imaginary part of the electrical permittivity were derived from experimental
measurements of the real and imaginary parts of the refractive index of each material tabulated in
the reference, “Handbook of Optical Constants of Solids” [42]. Figure 2.2.1 illustrates the real
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(solid black) and imaginary (dashed black) components of the relative permittivity of a-Si across
a spectral range of λ = 200 nm to λ = 1200 nm. Figure 2.2.2 shows the real part of the relative
permittivity for Au, Ag and Al and Figure 2.2.3 shows the imaginary part of the relative
permittivity for Au, Ag and Al from λ = 200 nm to λ = 1200 nm.
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Figure 2.2.1: Real and imaginary part of the relative permittivity of a-Si [42]
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Figure 2.2.2: Real part of the relative permittivity of Au, Ag and Al [42]
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Figure 2.2.3: Imaginary part of the relative permittivity of Au, Ag, and Al [42]
In Chapter 4 of this thesis, the investigation of irregular surface structures formed during
the top-down aluminum induced crystallization (TAIC) of amorphous silicon is described [43]
[44]. The surface structures observed during the TAIC process were not purely Al, but instead
some mixture of Al and Si. As such, not only were cases of purely Al nanopatches considered,
but also nanopatches of 30% Al and 5% Al, with the remainder being Si. For these mixture
cases, the electrical properties for the nanopatch were calculated by taking a weighted average of
the Al and Si properties, shown in the above figures. Both the Si and Al are frequency dependent
in this band. We approximated the nanostructure to be a function of Al percentage, comprising
the material (%Al); we used effective permittivity calculated using associated weights, of
material percentage, of the electrical properties of pure Al and pure Si given by:
(

)

(
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).

(2.2.1)

Here,

represents the permittivity (real or imaginary part) of pure Al,

was the

permittivity (real or imaginary part) of pure a-Si and %Al was the percentage of aluminum
considered. The frequency dependent values for the electrical properties of Si and Al were taken
from Palik [42]. It was important to note that this was a basic approximation that did not consider
any higher order terms that could arise in reality when these two materials are combined. Figure
2.2.4 and 2.2.5 illustrate the frequency dependent real and imaginary parts of the electrical
permittivity for pure a-Si and pure Al, as well as the effective permittivity of the nanostructure at
30% Al, 70% Si and 5% Al, 95% Si, respectively.
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Figure 2.2.4: Real part of the relative permittivity of weighted combinations of a-Si and Al
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Figure 2.2.5: Imaginary part of the relative permittivity of weighted combinations of a-Si
and Al
2.3 Convergence of the HFSS Results
Several approaches can be utilized in order to determine the accuracy of results obtained
through HFSS, each having its own advantages and disadvantages. First, the convergence of
computational results can be tested. What this means is that the parameters affecting the
accuracy of the results (namely the total number of finite elements) can be increased until the
simulated results cease to change. Since additionally refined meshes take longer CPU time to
solve, this method can pinpoint the mesh refinement needed to generate a converged solution
without overly refining the mesh. The downside to this method was that it is not based off
comparison to any reference case. It relies only on the physics that are built into the model and
neglects secondary effects that may be occurring. In the case of modeling plasmonic
nanostructures, geometric gaps less than 2 nm can cause quantum tunneling effects which were
not taken into account in most computational electromagnetics software, and these effects can
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significantly alter the results [41]. The second way to verify computational methods was to
reproduce previously published computational results found in the literature that were similar to
the new cases to be investigated, or to repeat results using a different computational method.
While this had the advantage of being based off a reference case, it did make the assumption that
the chosen reference was indeed accurate. The third validation method was to compare
computational results to experimental fabrication and measurement. Although validation by this
method is ideal, it can require a great deal of extra effort to achieve and resources that may not
be readily available. Ideally, a combination of these three methods will be used to provide a high
level of confidence in the results. In this thesis, convergence of results by increasing mesh
resolution was used to find appropriate computation parameters and these converged results were
compared to results acquired using a different computational method. These parameters were
then utilized in the reproduction of select results from the literature, some of which had been
compared with and validated by experimental fabrication and analysis.
The convergence of a plasmonic nanoparticle case was investigated for a wide number of
accuracy settings. In this work, a single Au nanotoroid was modeled, with the surrounding
medium being air. The geometry is shown in Figure 2.3.1.
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Figure 2.3.1: Isometric view of nanotoroid geometry with circular cross section and
orientation with respect to the excitation
Here, Rin = 27 nm and Rout = 42 nm and the nanoparticle was excited by a plane wave,
oriented as shown in Figure 2.3.1. The nanotoroid was centered in an air box of dimensions 700
nm × 700 nm × 700 nm, which ensured that for all incident wavelengths considered the
nanotoroid was at least λ/4 away from the ends of the computational domain. All external faces
were set to radiating boundary conditions.
Eighteen total simulations were considered at various accuracy settings, varying the
maximum allowable surface deviation (SDmax) and the number of adaptive passes (#Passes).
Trials 1-5 were for SDmax =

, trials 6-10 were for SDmax = 0.1 nm, trials 11-14 were for SDmax =

0.05 nm and trials 15-18 were for SDmax = 0.02 nm. For each of these sets of trials, the number of
adaptive passes performed for each simulation was varied, starting at 2 and increasing by 2 for
each trial. Each column of Tables 2.3.1-4 indicated the trial number, maximum allowable surface
deviation (SDmax), number of adaptive passes (#Passes), change in average energy value reached
between the last and second to last pass (dE), memory requirements to solve the last adaptive
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pass in megabytes, real time to solve the last adaptive pass in seconds, total number of tetrahedra
used (# Tetrahedra) and the spectral location (Peak Location) and amplitude (Peak Amplitude) of
the resonant peak of the nanotoroid.
Tables 2.3.1-4 show the results of this study for SDmax =

, 0.1 nm, 0.05 nm and 0.02 nm

respectively. The observed variables were dE, memory, time, # tetrahedra, peak location and peak
amplitude.

Table 2.3.1: Computational details for all convergence results with SDmax =

.

1

2

3

4

5

2

4

6

8

10

0.00215

0.08578

0.11974

0.00238

0.00088

Memory (MB)

150

199

324

435

668

Time (s)

<1

1

3

4

9

# Tetrahedra

5840

7679

11811

15695

25239

Peak Location (nm)

900.9

859.4

835.7

833.3

833.3

Peak Amplitude (W∙10-15)

0.160

0.159

0.145

0.144

0.143

Trial Number
SDmax (nm)
#Passes
dE
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Table 2.3.2: Computational details for all convergence results with SDmax = 0.1 nm.
Trial Number

6

7

8

9

10

0.1

SDmax (nm)
2

4

6

8

10

0.02056

0.05350

0.19743

0.02758

0.00264

150

258

382

436

677

1

2

3

5

9

# Tetrahedra

6904

10938

15251

18626

26090

Peak Location (nm)

920.5

870.8

842.7

835.7

835.7

Peak Amplitude (W∙10-15)

0.154

0.162

0.146

0.145

0.144

#Passes
dE
Memory (MB)
Time (s)

Table 2.3.3: Computational details for all convergence results with SDmax = 0.05 nm.
Trial Number

11

12

13

14

0.05

SDmax (nm)
2

4

6

8

0.01676

0.13657

0.09708

0.00979

172

204

177

482

1

1

1

6s

# Tetrahedra

8885

10221

18815

21975

Peak Location (nm)

910.2

859.4

853.7

835.6

Peak Amplitude (W∙10-15)

0.177

0.159

0.158

0.146

#Passes
dE
Memory (MB)
Time (s)

32

Table 2.3.4: Computational details for all convergence results with SDmax = 0.02 nm.
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Trial Number

16

17

18

0.02

SDmax (nm)
2

4

6

8

0.05475

0.32103

0.01133

0.00013

247

330

530

676

1

9

6

8

# Tetrahedra

15468

18696

26272

31280

Peak Location (nm)

876.7

838.0

833.3

833.3

Peak Amplitude (W∙10-15)

0.167

0.148

0.147

0.147

#Passes
dE
Memory (MB)
Time (s)

Trial 18, which provided the highest number of tetrahedra (31280) and the lowest value
of dE (0.00013) was taken as the converged results. Therefore, any passes where the deviation in
the peak location was less than 1% and the deviation in the peak amplitude was less than 3%
were considered to be converged. In order to understand the convergence of the results, a
summary of the range in which SDmax and the number of passes were varied is listed in Table
2.3.5 and Table 2.3.6, the converged trials were highlighted in light grey and the radiated power
of the fields scattered by the nanotoroid were calculated across a spectral range of λ = 700 nm to
λ = 1000 nm and shown in Figure 2.3.2.
Table 2.3.5: Summary of accuracy settings utilized in trails 1 through 10.
Trial

1

2

3

4

5

6

7

SDmax
# Passes

8

9

10

8

10

0.1 nm
2

4

6

8

10
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2

4

6

Table 2.3.6: Summary of accuracy settings utilized in trails 11 through 18.
Trial

11

12

SDmax

13

14

15

16

0.05 nm

# Passes

2

4

17

18

6

8

0.02 nm
6

8

2

4

Trail Number
From Table 2.3.5-6

0.20
Radiated Power (W 10-15)

0.18
0.16
0.14
0.12
0.10

0.08
0.06
0.04
0.02
0.00
700

750

800

850

900

950

1000

Wavelength (nm)
Figure 2.3.2: Convergence of a single Au nanotoroid in air for various meshes
Here, note that the curves with peaks at longer wavelengths corresponded to trials where
the number of passes was lower. As the curves moved towards the shorter wavelengths the
number of tetrahedra increases and the dE value in general decreased. The converged results are
shown by the dark violet curve at a resonant peak of λ = 833.3 nm and a peak amplitude of
approximately 0.147∙10-15 (W). For SDmax < 0.1 nm, convergence was reached from dE <
0.02758. In previous literature comparing the accuracy of various electromagnetic solvers for
nanoplasmonics, it was found for a dual nanosphere dimer that an SDmax of 0.02 nm was needed
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for convergence in HFSS [41]. This, in combination with the convergence results presented in
this thesis led to the use of SDmax = 0.02 nm and dEmax = 0.02 for all remaining work presented
in this thesis.
2.4 Comparison with the Method of Moments
The computational study of plasmonic nanostructures offers the challenge that different
methods can generate vastly different results if care was not taken to validate the methods. To
ensure that HFSS was being utilized correctly, specifically that an appropriate mesh cell density
was used, a comparison of a single gold torus shaped nanoparticle was conducted using HFSS
and a custom parallelized method of moments code (MoM) [45] [46]. Previous validation of the
MoM code was performed with the Mie solution for gold nanospheres [24].The same gold
nanotoroid investigated in Section 2.3 was considered for the comparison.
Figure 2.4.1 illustrates the results of this comparison. These results showed the
normalized scattering coefficients for each method, which allowed for comparison of the
resonant peak location. The scattering coefficient was directly calculated from the MoM. In
HFSS, the scattering was realized by calculating the power of the fields scattered by the
nanotoroid. This scattered power was proportional to the scattering coefficient calculated using
the MoM. The amplitudes of the results were normalized to offer a more meaningful comparison.
The observed spectral location of the peak using the HFSS was 833 nm and using the MoM was
820 nm, indicating a 1.6% difference in the spectral locations of the peaks, which was considered
acceptable from and engineering point of view. Comparison between the HFSS and MoM results
quantified the deviation between these two methods that the mesh density utilized here provides,
which was used in the work presented in Chapters 3 and 4. These results were also consistent
with previous studies of gold nanotoroids reported in [23].
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Figure 2.4.1: Comparison of the normalized scattering coefficient for converged HFSS
results and MoM results
This study illustrated how there was consistency between computational methods used
for the analysis of plasmonic nanotoroids. Since the two methods utilized different techniques for
refining the accuracy and converging results, the fact that both converged to a solution with 1.6%
difference in the spectral location of the peak indicated that the accuracy settings used in HFSS
were satisfactory for producing correct results.
2.5 Reproduction of Previous Work
A final validation of the methods utilized in HFSS for this work was the reproduction of
results from the literature. One of the key publications studied early in this thesis work was one
of the first works to make a successful comparison between computational simulations of
metallic nanoparticle arrays on a silicon layer with experimental results measuring enhanced
photocurrent in a silicon solar cell due to surface localized plasmonic nanoparticles [29]. This
computational work utilized COMSOL Multiphysics, which is a finite element method software
similar to Ansys® HFSS. The work here simulated infinite square arrays of gold nanoparticles
located on a 500 nm thick amorphous silicon layer. The center to center spacing between
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particles was 600 nm and three sizes of nanospheres were investigated, 100 nm, 80 nm and 50
nm diameters. The gap between the bottom of the nanoparticles and silicon surface was 2 nm,
which represented the displacement that would occur between the two if a native oxide layer on
the silicon surface was considered. The enhancement of the fields in the silicon layer that was
attributed to the plasmonic nanoparticles was quantified as Gnp(λ)/Gref(λ), where Gnp(λ) was the
volume integral of the electric field intensity inside the silicon layer when the nanoparticles were
present and Gref(λ) was for the reference case of the silicon layer only. In addition to
computational work, experimental work was performed which in which a thin-film solar cell was
fabricated and the spectral photocurrent response was measured before and after application of
gold nanoparticles on the surface. The trend in the measurements matched the simulation results,
only with diminished amplitude and spectral shift of the measurements as compared to the
simulation. This was expected to arise from the presence of a native oxide layer as well as a thin
poly-L-lysine layer at the silicon surface that was not considered in the simulation [29].
In the work presented by Lim et al., an infinite square array of gold nanospheres located
on the surface of a 500 nm thick a-Si substrate was investigated for nanospheres of varying size.
Symmetry boundary conditions, as discussed in Section 2.7 of this thesis were utilized to
represent the infinite square array while reducing the computational domain to one quarter of the
original full unit cell of the entire nanosphere [29]. The results reproduced using HFSS are
illustrated in Figure 2.5.1.
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Figure 2.5.1: Reproduce computational results from Lim et al. [29]
Comparing this to the results presented in [29] it was noted that there was good
qualitative agreement between the published results and the reproduced results utilizing the
methods described in this thesis. For the 100 nm radius nanosphere, the results from Lim et al.
showed a peak value of the enhancement of approximately 1.05 at an approximate wavelength of
570 nm. In this reproduction, the peak value was 1.05 at a wavelength of 585 nm. For the 80 nm
radius nanosphere the results from Lim et al. showed a peak value of the enhancement of
approximately 1.02 at a wavelength of approximately 560 nm. In comparison, the reproduced
results show a peak of 1.02 at a wavelength of 543 nm. In the 50 nm radius case, both the
published results and the reproduced HFSS results show no apparent peak and a relatively flat
response across the spectrum [29].
In the 100 nm and 80 nm radius cases, no difference in the amplitude of the peaks was
observed. In the 100 nm radius case there was a shift in the spectral location of the peaks
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between HFSS and COMSOL of +15 nm with a difference of 2.6%. Similarly, in the 80 nm
radius case there was a shift in the spectral location of the peaks between the two methods of -17
nm with a difference of 3.1%. This difference could be due to the fact that the wavelength step
used in the HFSS reproduced results was greater than that used in the published reference results.
As such, calculating more points should better resolve the exact location of the peak.
2.6 Computational Setup for the Infinite Silver Nanotoroid Arrays
In Chapter 3 of this thesis, infinite square arrays of Ag nanotoroids and nanospheres were
considered. In order to computationally investigate these nanoparticle array geometries, care was
taken to ensure that a proper setup of the computational domain was achieved, as it was very
possible to produce an unrealistic representation if certain things were not considered.
Additionally, reduction of the computational burden was achieved by taking advantage of certain
geometric symmetries. This led to significant reduction of the time it took to perform these
computations while still providing accurate results. The following is a discussion of the
computation setup utilized in the studies presented in Chapter 3 of this thesis.
Often, infinite square arrays were modeled as a single unit cell with periodic boundary
conditions being applied to the appropriate surfaces to repeat the unit cell along the desired
directions. Figure 2.6.1 (a) illustrates the single unit cell of the silver nanotoroid on silicon. Here,
the dark blue represents the a-Si absorbing layer and the grey represents the Ag nanotoroid. The
geometry was excited by a plane wave with downward propagation (⃑ ) normal to the a-Si surface
and electric field polarization (⃑ ) tangential to the a-Si surface, as shown. HFSS supports a type
of boundary condition called “master/slave” boundaries. These are coupled boundaries, where
the “master” must have a corresponding “slave” boundary on the opposite side of the
computational domain. These boundaries operate such that the field distribution on the “master”
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boundary was enforced on the “slave”, with a given phase shift between the two. This phase shift
was the key advantage this boundary condition had over other methods of modeling infinite
arrays, as this allows for excitations that were not symmetric with the computational geometry.

(a) Full Unit Cell

(b) 1/4 Unit Cell

(c) Perfect E

(d) Perfect H

⃑
⃑

Figure 2.6.1: Reduction of the computational domain by the application of symmetry plans
These master/slave boundaries were adopted in some of the early, preliminary work
pertaining to this thesis, however, more appropriate boundary conditions did exist. In all the
work presented in Chapter 3, geometric symmetry existed between the computational domain
and the plane wave excitation. One of the types of boundaries supported by HFSS was the
perfect conducting symmetry boundary. This boundary represents a surface as a perfect
conducting surface, either perfect electric or perfect magnetic. A well-known concept used in
antenna theory, perfect electric conductors will mirror the normal component of the electric field,
along with the geometry, to the other side of the conductors [47]. The same can be said for
perfect magnetic conductors mirroring the normal component of the magnetic field.
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Knowing this, consider the 1/4 decomposition of the full unit cell defined for this work,
shown in Figure 2.6.1 (b). The electric field of the excitation was normal to the front and back
surfaces and the magnetic field was normal to the left and right surfaces. Thus, perfect E
symmetry boundaries were applied to the front and back faces, Figure 2.6.1 (c) and perfect H
symmetry boundaries were applied to the left and right faces, Figure 2.6.1 (d). This then
mirrored the computational domain infinitely in two dimensions, as depicted by the top view of
the representative domain shown in Figure 2.6.2 and the isometric view shown in Figure 2.6.3. In
these figures, the single 1/4 unit cell is shown in the center surrounded by the images generated
by the boundary conditions.

Figure 2.6.2: Top view of array geometry represented by the quarter domain
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Figure 2.6.3: Isometric view of array geometry represented by the quarter domain
With the unit cell defined, it is now important to discuss the geometric parameters that
were studied in this work. Figure 2.6.4 shows a cross section of the infinite nanotoroid array.

S
500 nm

R

in

Air

d

Ag
Rout = Rin + d
500 nm

a-Si

Figure 2.6.4: Cross section view of the infinite nanotoroid array on silicon
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In all work presented in this thesis, the upper air region and lower a-Si region were both
500 nm thick. The center to center spacing between adjacent nanoparticles was S. The
nanotoroid was defined by two parameters, the radius Rin of the inner hole of the structure and
the diameter d of the minor circle comprising the ring. Together, then, the overall size of the
nanoparticle was defined as Rout = Rin + d. An additional important quantity to consider in
defining the nanotoroid geometry was the aspect ratio of the particle, Rin/d.
2.7 Irregular Nanopatch Model Development
Chapter 4 of this thesis presents a study of highly irregular nanostructures, inspired by
prior experimental work reported in [43] [44]. In order to generate a model of a random structure
resembling the experimentally observed structures, a previously developed shape generation
MATLAB code was utilized. This code, developed by Hassan and El-Shenawee, modeled the
semi-random growth of breast cancer tumors in two dimensions and generated a 2D model of the
tumor shape [48]. To generate this shape, the domain was discretized into a square 60 by 60
matrix, with each matrix element holding either a 0 or 1, representing the location of the
surrounding space (0) and the location of the generated shape (1). Using the matrix coordinates
of the “1” elements, the information was centered and scaled appropriately to correspond to a
patch of similar overall size as the experimentally observed patches.
Unfortunately, there was no apparent method of directly transferring this information into
HFSS in order to automatically generate the model. Instead, a tedious manual approach was
taken. First, a two-dimensional 27 nm by 27 nm square sheet was created in HFSS, oriented in
the x-y plane. This was then copied and pasted multiple times using the coordinate information
from the previously described shape generation code. The two dimensional geometry of these
discrete squares is illustrated in Figure 2.7.1.
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Each cell is 27 nm × 27 nm

0

1000 nm

Figure 2.7.1: Initial discrete form of the irregular nanopatch model created in HFSS [49]
Important to note was that the structure generated by the patch generation code did not
necessarily generate a continuous shape. While each element was at least sharing one corner with
another, some did not have edges that were shared. In order to ensure that the model was
continuous, additional squares were added or moved at key locations to make certain that all
squares were sharing an edge with at least one other square.
Once the geometry of Figure 2.7.1 was modified so that all of the 27 nm by 27 nm
squares shared at least one edge with another square, the model was ready to be formed into a
single continuous piece. First, a “Boolean add” command was used to combine all of the discrete
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squares into a single sheet. Then, the “thicken” command was used to extrude the sheet along the
vertical direction by 50 nm. This created a three dimensional model of the structure, shown in
Figure 2.7.2.

0

500 nm

Figure 2.7.2: Nanopatch model in HFSS after addition of discrete elements and thickening
along the z-direction by 50 nm [49]
Important to note of the model in Figure 2.7.2 was the fact that the geometry had many
sharp edges and corners. In the computational modeling of plasmonic nanostructures it is
generally unwise to use sharp edges such as this. These edges were not only unrealistic in that
they were generally difficult to form at the nanoscale but also they can lead to drastic shifts in the
plasmonic behavior of structures, as unrealistically high charge accumulation would occur here
and alter the magnitude and spectral locations of plasmon resonance [22].
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In order to remove this, all edges of the structure were selected and a group “fillet”
command was used. This rounded each of the edges to the specified radius of 10 nm. Now, the
model of the nanopatch was completed. To finish the setup of the computational domain, an a-Si
layer was inserted directly below the nanopatch, with dimensions of 2000 nm by 2000 nm by
500 nm. An identically sized air layer was created above the a-Si layer as well. The excitation
source was a plane wave, polarized along the x-axis and propagating in the -z direction. The
nanopatch/a-Si layer geometry is depicted in Figure 2.7.3, with a top view of the nanopatch
shown in Figure 2.7.4.

z

y
⃑o
⃑

x

0

1000 nm

Figure 2.7.3: Isometric view of the 3D nanopatch located on top of a silicon substrate [49]
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0

1000 nm
Figure 2.7.4: Top view of the final nanopatch model [49]

Two representations were investigated in this work; a single nanopatch on the finite
silicon layer and an infinite square array of nanopatches in the x-y plane located on top of an
infinite silicon layer. In both cases, radiation boundaries were employed on the x-y faces at z =
±500 nm. For the single nanopatch case, the x-z faces at y = ±1000 nm and the y-z faces at x = 0
and x = 2000 nm were set to radiation boundaries as well.
For the infinite square array simulations, perfect E and perfect H symmetry plane
boundaries were used to mirror to geometry infinitely along the x and y axes. The x-z faces at y
= ±1000 nm were set to perfect H symmetry plane boundaries and the y-z faces at x = 0 and x =
2000 nm were set to perfect E symmetry plane boundaries.
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2.8 Enhancement of Energy Absorption
Calculation of the spectral absorption of the electromagnetic energy in the absorbing
silicon layer was a commonly used method in the design of plasmonic solar cells and offers some
unique insight into the performance of such devices [29] [31] [32]. The total absorbed
electromagnetic energy inside a material can be found by,
∭ |⃑ |

(2.8.1)

Here, | ⃑ | is the intensity of the total electric field within a material and σ is the electrical
conductivity of the material. This full three dimensional volume integral, then, represents the
amount of electromagnetic energy absorbed in a material due to an external excitation at a
specific wavelength.
Now, in this study of plasmonic enhancement of solar cells it was important to quantify
what effects the plasmonic particles were having on the absorption of electromagnetic energy in
the silicon layer. Therefore, one must consider the absorption of Equation 2.8.1 for both cases
with the nanoparticles present and reference cases where no nanoparticles were present. By
taking the ratio of these two cases, the enhancement factor was defined as:

( )

∭ |⃑

|

∭ |⃑

|

.

(2.8.2)

This wavelength dependent quantity represents the enhancement or degradation of the energy
absorption in the silicon layer due to the nanoparticles. Calculating this enhancement factor in
Equation 2.8.2 shows that for any cases where this value was above 1 the nanoparticles were
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contributing positively to the absorption, that is, they were increasing the electromagnetic fields
in the silicon layer. In any cases where this quantity was less than 1 and the nanoparticles were
blocking some of the transmission of light into the silicon.
2.9 Perfectly Matched Layer (PML) vs. Radiation Boundaries
A particular concern in HFSS was the application of proper boundary conditions, in
particular the external absorbing boundaries. HFSS provides several options for absorbing
boundaries. Of particular interest to this work were the radiation boundary condition and the
perfectly matched layer (PML) boundaries. Radiation boundaries were simple to apply, but they
require that the nearest radiating structure in the computational domain be greater than a distance
of λ/4 away in order for the incident waves to be properly absorbed at this surface. PML
boundaries also absorb radiation at a surface, but do so by adding an artificial material layer
outside of the computational domain. This artificial material has inhomogeneous material
properties that are automatically set such that waves propagating into the material were fully
absorbed with no reflection. Although these boundaries often produce more accurate results for
specific situations, the added material must also be discretized and solved, which increases the
computational burden. In Figure 2.9.1, a comparison of the enhancement factor EF(λ), calculated
using Equation 2.8.2 for the radiation boundaries and the PML boundaries is shown.

49

10

Boundary
Type

EF(λ)

Radiation
PML

1
500

700

900

1100

Wavelength (nm)

Figure 2.9.1: Single 100% Al nanopatch on silicon, radiation and PML boundaries [49]
In this case a single 100% Al nanopatch (described in Chapter 4 of this thesis) was
investigated; once using the radiation boundaries as external boundaries and again using the
PML boundaries. The results showed good agreement between the two cases, with some minor
deviation. The radiation boundaries were recommended for situations where scattering bodies
were more than λ/4 away from the boundary, which was the case for this work. Using the
radiation boundary required approximately 0.68 million mesh cells and 51.2 GB of memory,
while using the PML boundaries required approximately 1.12 million mesh cells and 131 GB of
memory when utilizing the multiprocessing (MP) parallelization method that will be discussed in
Section 2.11. This was due to the addition of the artificial absorbing layer around the simulation
domain which must be accurately meshed as well. Although this absorbing layer did theoretically
represent a more accurate solution, the radiation boundaries gave similar results, in this case, at

50

less than half the computational resources. As such, the radiation boundaries were adopted for
this work for all absorbing boundaries.
2.10 Approximation of Photocurrent Enhancement
Although the wavelength dependent enhancement factor EF(λ) did provide significant
useful information on the spectral location and intensity of the plasmonic enhancement, it was
not a very effective metric in comparing the overall performance of various plasmonic solar cell
designs. To effectively determine if one design was better than another, a single quantity taking
into consideration the full spectral behavior of the plasmonic enhancement was needed.
Experimentally, this would be done by measuring the output photocurrent generated by a
fabricated device. In general, it was difficult to calculate the theoretical generated photocurrent
in a solar cell, as factors such as carrier recombination and collection efficiencies come into
consideration. This becomes even more difficult in a plasmonic solar cell where the propagating
electromagnetic field in the silicon layer can no longer be assumed to be a plane wave, which
further alters the recombination and collection of carriers [2]. However, by making several
assumptions, it was possible to approximate the percent potential photocurrent enhancement
(%PE) induced by the plasmonic structures. This provides a solid metric for comparison of
various plasmonic solar cell designs.
A goal of this work then was to develop a simple model which incorporates the
enhancement factor calculated from Equation 2.9.1 and approximated the enhancement in
generated photocurrent due to the plasmonic nanoparticles. Figure 2.10.1 illustrates the concept
this model was derived from. Here, consider a silicon layer of thickness d illuminated by incident
AM 1.5 radiation. To calculate the photocurrent generated inside of the silicon layer the
transmission of the incident radiation into the layer was calculated. The intensity of the wave just
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inside of the silicon was then Io. Knowing this and knowing that the intensity of the wave
propagating into the silicon decays exponentially due to absorption by the material, it was
possible to calculate the energy absorbed in the silicon by taking the difference of the intensity at
the surface and at distance d in the silicon [10]. Once the absorbed energy was found, it was
converted to number of electron-hole pairs generated and an approximation of the photocurrent
generation was found [2].
Io
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Figure 2.10.1: Conceptual illustration for the calculation of photocurrent generation in a
silicon layer
Considered first was a unit area thin film solar cell of thickness d under incident AM1.5
solar radiation. The spectral distribution of the output current density was approximated as,
( )

( )[

( )][
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( )

]

.

(2.10.1)

( ) represented the standard AM1.5 solar flux in W/(nm m2),

Here, I

( ) was the

wavelength dependent reflection at an air-silicon interface, shown in Figure 2.10.2 (a),
e

( )

represented the fraction of transmitted solar radiation absorbed within the silicon layer d

corresponding to a wavelength dependent absorption coefficient of ( ), Figure 2.10.2 (b), ⁄
was the number of photons per incident energy flux of wavelength λ where h is Plank’s constant
and c is the speed of light in vacuum, and q is the electric charge of a single electron.
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Figure 2.10.2: Reflection coefficient (a) and absorption coefficient (b) of a-Si
Consider the following component of Equation 2.10.1,
[

( )] [
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( )

].

(2.10.2)

This represented the fraction of incident electromagnetic energy absorbed within a reference
solar cell. Since the enhancement factor defined in Equation 2.10.2 represented the percent
enhancement of electromagnetic energy within the cell, the fraction of absorbed electromagnetic
energy for a plasmonic enhanced case was approximated as,
( )[

( )][

( )

].

(2.10.3)

As such, the spectral distribution of the output current density for a plasmonic enhanced case was
defined as,
( )

( )

( )[

( )][

( )

]

.

(2.10.4)

Integration across λ for the spectral distribution of any current density yielded a value for the
output photocurrent per unit surface area of a solar cell. Thus, integrating Equation 2.10.4 and
Equation 2.10.1 across λ and taking the ratio of these two values provided an approximation of
the percent enhancement in output photocurrent generation of a plasmonic solar cell.
∫

( )

∫

( )

.

(2.10.5)

As previously stated, this metric was based on several assumptions. Firstly, it assumed
that the enhancement of |E|2 in the silicon layer is equal to the enhancement of the
electromagnetic energy absorbed. Second, it assumed all of the photons absorbed will contribute
to electron-hole pair generation and did not consider thermal effects. Thirdly, the model assumed
that all generated electron-hole pairs were collected and contributed to generated photocurrent.
Therefore, surface recombination effects and recombination within the absorbing layer were not
considered. Although this model does not consider thes
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2.11 High Performance Computing Platform
Studying the accuracy settings in Section 2.3 provided the information needed to ensure
converged results without having an overly refined mesh. The reduction of the computational
domain of the infinite nanoparticle arrays as discussed in Section 2.7 minimized the
computational burden of the problem. Excessively high accuracy and larger computational
domains both contribute to longer solve times and higher memory requirements for the solution.
Even with this the computational burden for studying plasmonic nanostructures can be quite
large. Very fine resolution in the frequency sweep was often needed to resolve sharp resonance
peaks, which drastically increases the number of times a given geometry must be solved.
Additionally, as the nanostructure size increases the number of mesh cells increases dramatically
as well. For the large, irregular nanostructures described in Section 2.8 the memory requirements
for solving a single frequency point was over 100 GB. As such, much of the work described in
this thesis could not be performed on a traditional desktop workstation and instead was solved
utilizing a high performance computing center.
All of the simulations described in this thesis were performed on the Arkansas High
Performance Computing Center (AHPCC). This supercomputing cluster at the University of
Arkansas offered several resources for high performance computing. These resources are
summarized in Table 2.11.1. The AHPCC had four main clusters, the Star of Arkansas, Razor I,
Razor II and the Large Memory Cluster. The number of computing nodes available in each
cluster, processing cores in each node, speed of the processors and memory availability in each
node are listed in Table 2.11.1. The computational work described in Chapter 3 of this thesis was
mostly performed on the Star of Arkansas, Razor I and Razor II clusters while the work of
Chapter 4 was performed solely on the Large Memory Cluster.
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Table 2.11.1: Summary of resources available at the AHPCC.

Star of
Arkansas
Razor I
Razor II
Large Memory
Cluster

Number of
Nodes

Processing
Cores per Node

Processor Speed

Memory per Node

157

8

2.66 GHz

16 GB

126

12

2.93 GHz

24 GB

112

16

2.6 GHz

32 GB

7

32 to 64

Varies

256, 512, 768 GB

Parallel processing is often used in solving computationally intensive problems in order
to speed up solution time. HFSS offered two parallelized licenses for utilizing multiple
processors on a single simulation. The basic license was referred to as an “MP” license, which
stands for “multiprocessing”. When running a simulation using MP, HFSS used one of these
licenses and allowed access to all available processing cores in order to speed up the solution.
Recall that HFSS solves a single linear system of equations for a given computational domain.
The MP license parallelized tasks in the solution of this system of equations to realize a speedup
as compared to solving with a single processor.
The second parallelized license offered by HFSS was the domain decomposition method
(DDM) license. This advanced parallelization method developed by Ansys® worked by taking
the full computational space and subdividing the mesh into separate “domains”. Each of these
domains, then, had its own linear system of equations governing it that was much smaller than
the original full domain system of equations. These domains are solved individually and pieced
back together, generating a solution of the full geometry (often in a much lower solution time
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and with lower memory requirements as well). Licensing for this solver was such that one
license was called for each processor used in the solution. For example, if four licenses were
available, a computational domain can be broken down into 4 domains, each with 1 processor
solving it, or it could be broken down to 2 domains (# of Domains), each with 2 processors
solving the domain (MP per Domain).
A comparison of these different parallelization methods is shown in Table 2.11.2. This
comparison was made for a geometry investigated in Chapter 4 of this thesis, referred to as the
“100% Al Single Nanopatch”. The license type (MP or DDM) is given in the top row, number of
domains the full simulation was broken down into is given by the second row, the number of
processors that were assigned to each domain is shown in the third row, memory requirements
for solving is in the fourth row and the solution time for a single frequency is given in the fifth
row.
Table 2.11.2: Speed and memory requirements utilizing various parallelized license
configurations
License

MP

DDM

DDM

DDM

DDM

# of Domains

1

20

10

10

6

MP per
Domain

48

1

1

2

3

Memory

131 GB

68 GB

83 GB

86 GB

94 GB

Time/Freq

6h 18m

2h 47m

8h 23m

2h 24m

3h 26m

Utilizing the basic MP license where a single domain was solved using 48 processing
cores the memory requirements were 131 GB and the solve time was approximately 6 hours and
18 minutes. In comparison, the best results found using the DDM license occurred when the
simulation was broken down into 10 domains, each with 2 processing cores solving each domain.
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The memory requirements were reduced by approximately 34% to 86 GB and the solve time was
reduced by approximately 62% to 2 hours and 24 minutes. The domain decomposition method,
utilizing less than half the number of processors as the MP method was able to solve the same
mesh in less than half the time using less than 2/3 the memory. This parallelization method offers
much promise in further reducing the computational burden of solving large scale
electromagnetics problems.
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Chapter 3: Optimization of Silver Nanotoroid Arrays on Silicon
One of the attractive characteristics of plasmonic nanostructures is that the spectral
location and amplitude of the resonance can be tuned by varying a number of parameters, such as
surrounding medium, nanoparticle geometry, size and proximity to other plasmonic particles.
Presently, spherical nanoparticles were the most commonly investigated geometry, as it is
relatively simple to fabricate and deposit these nanoparticles on the surface of a PV absorbing
layer. The downside to nanospheres is that in order to tune the plasmon resonances to longer
wavelengths the particle size must be increased. As the particle size increases, however, resistive
loses inside the nanoparticle material lead to reduced scattering and increased reflection [8]. This
limits the tunability of nanospheres to resonances in the longer wavelength range of the solar
spectrum. Nanotoroid geometries, however, had illustrated higher sensitivity of the plasmon
resonance to the geometry, as the height to width ratio of these nanoparticles influences the
spectral location of their plasmon resonances. As opposed to nanosphere geometries where the
particles had to increase in size to shift the resonance to longer wavelengths, nanotoroids could
be tuned to resonate at longer wavelengths without increasing the size of the nanoparticle [23].
These geometries had potential to shift the plasmonic absorption enhancement to longer
wavelengths while preventing the increased losses associated with nanosphere geometries.
The goal of the works described in this chapter, then, was to investigate the plasmonic
enhanced absorption in a-Si due to infinite arrays of Ag nanotoroids, to provide a comparison
between these types of nanoparticles with the nanosphere geometries that had been extensively
investigated in the literature and to optimize the nanotoroids to achieve highest absorption
enhancement in the silicon. These two configurations are illustrated in Figure 3.0.1. Two
conference proceedings regarding this work have been published [50] [51] with a third archived
59

having been accepted for presentation [49]. The author of this thesis was the main author on
these works, and as such there may be similarities in the flow and style of these publications with
that presented in this chapter.

Figure 3.0.1: Infinite array of nanotoroids (left) and nanospheres (right) on silicon
Two publications, both by Y. Akimov and W. Koh, had strong influences in the
optimization work discussed in this chapter [32] [31]. The first, published in 2010,
computationally investigated the optimization of spherical nanoparticle arrays located on a
silicon substrate using COMSOL Multiphysics. In [32], a method was shown for measuring the
enhancement of energy absorption in the silicon layer. This method was then used to optimize
the surface coverage of silver and aluminum nanosphere arrays of different particle sizes. In
addition to this optimization, a study of the effects of an oxide layer surrounding the
nanoparticles was performed. What this illustrated was that for silver nanoparticles, addition of
an oxide layer quickly degraded the plasmonic enhancement of the particle, eventually leading to
nanoparticles that degraded absorption. For the aluminum nanoparticles the addition of an oxide
layer reduced the plasmonic enhancement as well, however, it never reached a point where the
nanoparticles degraded the absorption, even when considered to be fully oxidized. The key
offering this paper had to the work in this thesis was that it described the method used for
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approximating the total spectral power absorption enhancement by the nanoparticles. Although
this method differed from that used in this thesis, it was still invaluable in the development of the
method used [32].
The second of these papers, published in 2011, was a continuation of the first work. Here,
an additional variable was introduced to the optimization. Instead of perfectly spheroidal
nanoparticles, nanoellipsoids were considered, where the height to width ratio could be tuned as
well as the overall size. As such, the two variable optimization of the previous work in which
only interparticle spacing and particle size were considered was expanded to a three variable
optimization, now including the aspect ratio of the particles as well [31]. The work presented in
Chapter 3 of this thesis involves the parametric study of nanotoroids, in which geometric
variables defined the design. Together, these two publications provided invaluable insight to the
computational methodology of optimizing nanoparticle arrays for plasmonic photocurrent
enhancement of PVs devices.
3.1 Tunability of Isolated Nanotoroids on Silicon
As previously mentioned, one of the factors that can influence plasmonic resonance of
nanoparticles is the electromagnetic coupling between nearby particles. However, it was of
interest to investigate nanotoroid arrays on silicon when the interparticle spacing S was larger
than the wavelength. When nanoparticles are in close proximity to each other, generally on the
order of one wavelength, coupling effects between adjacent particles can shift the spectral
location, change the amplitude or induce higher order plasmonic resonant modes in the
nanoparticles. Studying nanoparticle arrays when the spacing between particles was greater than
one wavelength provided critical insight into the dependence of the resonant coupling between
the nanoparticles and the silicon layer on the nanoparticle geometry while negating these
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interparticle coupling effects. In this study, the enhancement factor EF(λ) was calculated for
three Ag nanotoroid geometries. The outer radius Rout was 42 nm for all three, the center to
center particle spacing S was 1440 nm and the inner radius Rin was varied for values of 13 nm,
15 nm and 21 nm. This corresponded to nanoparticle aspect ratio Rin/d values of 0.48, 0.56 and
1. The a-Si layer was 500 nm thick, with a 500 nm thick air layer above. Figure 3.1.1 illustrates
the results for these three cases.
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Figure 3.1.1: Enhancement factor of widely spaced Ag nanotoroid arrays [51]
The spectral locations of the resonant peaks occurred at λ = 652, 682 and 820 nm and the
EF(λ) amplitude of the peaks were 1.031, 1.026 and 1.024 for Rin = 13, 15 and 21 nm,
respectively. It was noted that as the nanotoroid aspect ratio increased (thickness was increased)
the resonance was shifted to longer wavelengths and reduced in amplitude. In the literature,
Mary et al. [23] showed that for single Au nanotoroids immersed entirely in air, similar behavior
in the scattering coefficient occurred. Peak scattering by the particles was shifted to longer
wavelengths and the amplitude of the scattering reduced as well as the nanotoroids thickness
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increased [23]. Since the plasmonic enhancement of the fields in the silicon layer exhibited
similar behavior, this indicated that the characteristic resonance tuning behavior of the
nanotoroids was not affected when the surrounding medium was inhomogeneous.
Figure 3.1.2 illustrates plots of the magnitude of the electric field |E| on a 2D cross
section of the computational domain for the nanotoroid array of geometry Rout = 42 nm and Rin =
21 for two incident wavelengths, the resonance (top) at λ = 817 nm and a non-resonance
(bottom) at λ = 895 nm.

Figure 3.1.2: 2D plots of the electric field amplitude for a square array of silver
nanotoroids with Rout = 42 nm and Rin = 21. Resonance (top) at λ = 817 nm and nonresonance (bottom) at λ = 895 nm
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The 2D cross section was taken across the center of the computational domain in the x-z
plane. The plane wave excitation was 1 V/m in magnitude and polarized in the y-direction with
propagation in the -z direction. On the left is the full domain while the figures on the right
illustrate an expanded view of the area just around the nanoparticles. The scale for |E| is
illustrated by the color bar on the left, the top being a logarithmic scale for |E| in the air region
and the bottom being a linear scale of |E| in the silicon region.
In the resonance case at λ = 817 nm, |E| just below the nanotoroid was significantly
increased. In the area of the silicon away from the nanotoroid the maximum value of |E| was less
than 1 V/m, as expected since some of the wave was reflected off the silicon surface. Just below
the nanotoroid the fields had a maximum value of 7.0 V/m. Deeper into the silicon the fields
returned to the similar behavior observed in the fields in the silicon further away from the
nanotoroid. In comparison, the non-resonance did not have significant enhancement of the fields
below the nanotoroid. Although slightly higher fields around the nanotoroid radius were
observed, this was less pronounced than the resonance case, as the maximum value of |E| for the
non-resonance was approximately 40% lower than the resonance case.
Similarly, Figure 3.1.3 shows |E| for the nanotoroid geometry of Rout = 42 nm and Rin =
15 for the resonance (top) at λ = 682 nm and a non-resonance (bottom) at λ = 845 nm. As with
the previous nanotoroid geometry, an enhancement of the fields below the nanotoroid was
observed. Here, the maximum |E| in the silicon was 4.3 V/m, lower than the previous observed
case. However, unlike the previous geometry where Rin = 21 nm, for Rin = 15 nm the nanotoroid
appeared to be influencing the field propagation further into the silicon, as slightly higher fields
in the area directly below the nanotoroid were noted all the way to the bottom edge of the
domain. Similar to the previous geometry, the nanotoroid at the non-resonance did not have a
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significant influence on the fields in the silicon. Directly below the nanotoroid there was a minor
perturbation in the plane wave behavior of the fields in the silicon, but no increase or decrease of
the magnitude of the fields.

Figure 3.1.3: 2D plots of the electric field amplitude for a square array of silver
nanotoroids with Rout = 42 nm and Rin = 15. Resonance (top) at λ = 682 nm and nonresonance (bottom) at λ = 845 nm
As with the previous nanotoroid geometry, an enhancement of the fields below the
nanotoroid was observed. Here, the maximum |E| in the silicon was 4.3 V/m, lower than the
previous observed case. However, unlike the previous geometry where Rin = 21 nm, for Rin = 15
nm the nanotoroid appeared to be influencing the field propagation further into the silicon, as
slightly higher fields in the area directly below the nanotoroid were noted all the way to the
65

bottom edge of the domain. Similar to the previous geometry, the nanotoroid at the nonresonance did not have a significant influence on the fields in the silicon. Directly below the
nanotoroid there was a minor perturbation in the plane wave behavior of the fields in the silicon,
but no increase or decrease of the magnitude of the fields.
Consider the non-resonance field plots for these two nanotoroid geometry. Comparing
these two cases showed that for Rin = 21 nm there was more interaction with the fields by the
nanotoroid than the Rin = 15 nm. This was explained by considering that for Rin = 21 nm the
difference in the observed wavelength between the resonance and non-resonance was 78 nm, less
than half as much as the 183 nm difference in the observed wavelength between the resonance
and non-resonance for Rin = 15 nm. What was deduced from this was that as the incident
wavelength increased above the resonance the plasmonic behavior of the nanotoroid decreased
and the nanotoroid effectively became transparent to the incident waves.
The 2D plots of |E| for the final toroid geometry of Rout = 42 nm and Rin = 13 are shown
in Figure 3.1.4. Here, the resonance occurred at λ = 652 nm (top) and the non-resonance was
observed at λ = 800 nm (bottom). Similar to the previous two geometries, |E| just below the
nanotoroid for the resonance was higher, at a value of 3.4 V/m and the non-resonance had less
influence on the transmitted fields, where the maximum fields were approximately 1 V/m in the
silicon just below the nanotoroid. For this case, the resonance had even more influence on the
fields further from the nanotoroid as compared to the previous case. Here, the fields were not
only higher in the regions directly below the nanotoroid but also to the sides as well, where they
were up to 60% higher in certain locations.
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Figure 3.1.4: 2D plots of the electric field amplitude for a square array of silver
nanotoroids with Ro = 42 nm and Rin = 13. Resonance (top) at λ = 652 nm and nonresonance (bottom) at λ = 800 nm
Consider again the enhancement factor of these three nanotoroid geometries, shown in
Figure 3.1.1. As Rin decreased, not only did the spectral location of the resonance shift to longer
wavelengths but the peak EF(λ) increased in amplitude. From the 2D field plots, however, it was
noted that as Rin decreased the maximum value of |E| in the silicon layer decreases, indicating
that one would expect the enhancement peak to decrease, as opposed to increase as was
observed. However, this was explained when considering that as Rin decreases there were more
enhancements of the fields greater than 50 nm from the nanotoroids, as opposed to only
occurring very close to the nanotoroids.
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For thinner nanotoroids, then, there were be greater localization of the fields very near to
the nanotoroid and less scattering of the fields far from the nanotoroid. As nanotoroid thickness
increased, field enhancement very near to the nanotoroid (less than 50 nm away) decreased while
scattering of the fields further from the nanotoroid (more than 50 nm away) increased. This
combination of fields both very near to the nanotoroid and further away contributed to the total
enhancement of the fields in the silicon layer. Consideration of the fields in the entire silicon
volume using the enhancement factor metric gave a better measure of the total enhancement at a
given wavelength, while observing the field distributions illustrated the specific locations within
the silicon layer where the enhancements occurred.
Notice again from EF(λ) plots illustrated in Figure 3.1.1 that for all three nanotoroid
cases across all observed wavelengths the greatest enhancement that occurred was a factor of
1.031, indicating that the maximum enhancement of the fields absorbed in the silicon across all
the wavelengths was only 3.1%. This undesirably low enhancement was explained by the fact
that the particle spacing in this analysis was not optimized. By increasing the number of
nanotoroids per surface area it was thought to be possible to greatly increase this enhancement,
as will be shown in Section 3.3 of this thesis. The nanotoroids observed in this study interacted
with the incident fields in a diameter of approximately 200 nm in the x-y plane. Considering this,
the surface concentration of the nanotoroids could be increased by 49 while still retaining the
same behavior in the enhancement factor, increasing the enhancement factor peak to
approximately 150%.
3.2 Comparison of Isolated Nanotoroids and Nanodisks
It was of particular interest to compare this plasmonic enhancement from isolated
nanotoroids to other geometries. In order to make a meaningful comparison, a nanodisk was
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selected as the comparative geometry. The reasoning for this was that the nanodisk had a highly
tunable spectral location of the resonance, similar to the nanotoroid. The nanotoroid geometry
chosen for the comparison was the Rin = 21 nm, Rout = 42 nm geometry, where the resonance
peak was located at λ = 817 nm and had a EF(λ) peak value of 1.025. The nanodisk was oriented
flat on the silicon surface, with a 2 nm gap between the bottom of the nanodisk and the silicon
surface. The spectral location of the plasmon resonance for a nanodisk was tuned by varying the
aspect ratio of the disk [21]. As such, a nanodisk of radius R = 42 nm was investigated so that
the nanodisk size was comparable to the nanotoroid, where Rout = 42 nm. The height of the
nanodisk was tuned until the plasmon resonance occurs near λ = 817 nm. The final dimensions
of the nanodisk used in this comparison were radius R = 42 nm and height H = 11 nm. This gives
an EF(λ) peak at λ = 815 nm.
The results of the enhancement factor calculation for the nanotoroid and nanodisk are
shown in Figure 3.2.1.
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Figure 3.2.1: Enhancement factor of silver nanotoroid (red) and nanodisk (green) arrays
with interparticle spacing of 1440 nm
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The green curve represents the nanodisks while the red curve represents the nanotoroids.
This is the same red curve plotted in Figure 3.1.1. From Figure 3.2.1 several comparisons
between the enhancement of the nanodisk and nanotoroid arrays were made. Firstly, consider the
peaks for both cases. The nanotoroid array had an EF(λ) peak at 1.025, while the nanodisk array
peak was lower at 1.017. At wavelengths greater than approximately λ = 857 nm and lower than
approximately λ = 802 nm, however, the enhancement factor of the nanodisk array was slightly
higher than the nanotoroid array.
This difference in the peak enhancement factor was visually confirmed in Figure 3.2.2.
This figure illustrates the 2D plot of |E| for the nanotoroid array (top) and the nanodisk array
(bottom) at the resonance wavelength of each. Directly below the nanodisk there was localization
of the fields in the silicon, although approximately 30% lower than the field localization from the
nanotoroid. In the nanotoroid, there was a visible portion of the fields just below the nanotoroid
corresponding to the yellow portion of the scale on the left. In comparison, this was not observed
in the nanodisk, where the highest values correspond to the lower green portion of the scale.
Other than just below the nanoparticles, there were no apparent enhancements of the fields in the
rest of the silicon layer for either the nanodisk or nanotoroid arrays. This indicated that the main
factor for these two geometries contributing to the enhancement of the fields in the silicon came
only from the enhancement very near to the particle. This agrees with the higher peak
enhancement observed in Figure 3.2.1 in the nanotoroid array as compared to the lower
enhancement in the nanodisk array.
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Figure 3.2.2: 2D plots of the electric field amplitude for a square array of silver
nanotoroids (top) with Ro = 42 nm and Rin = 21 at the resonance, λ = 817 nm and square
array of silver nanodisks (bottom) with R = 42 nm H = 10.5 at the resonance, λ = 815 nm
The Figures 3.2.2 – 3.2.6 illustrate the dependence of the plasmonic response of the
nanodisk and nanotoroid arrays on the propagation (phase variation) of the plane wave
excitation. What these plots represent were effectively discrete steps through time as the incident
wave passes from the air domain above and into the silicon layer and interacts with the
plasmonic nanoparticles. The phase was shown in from 0° to 150° in steps of 30°. The full cycle
of the excitation extended from 0° to 360°. The difference between the first half (0° to 180°) of
the cycle and the second half (180° to 360°) was a sign change in the directions of the fields.
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Since the magnitude |E| of the electric field component of the waves is what was considered,
only a half cycle observation was needed to observe the full cycle behavior of the interactions.
The wave propagation of the silver nanotoroid array of dimensions Rin = 21 nm and Rout
= 42 nm was shown for phase steps 0°, 30° and 60° in Figure 3.2.3 and phase steps 90°, 120° and
150° in Figure 3.2.4 at the incident resonant wavelength of λ = 817 nm. At the start of the
propagation when the phase is 0° there is little apparent change in the fields around the
nanotoroid. In the next step at 30°, however, higher fields around the nanotoroid were observed.
The nanotoroid had begun to become electrically polarized which led to these higher fields near
the particle. This trend continued to 90°, where the enhanced fields around the nanoparticle
reached their maximum values. As the phase increased past 90°, the enhanced fields around the
nanotoroid began to decrease, returning back to the initial 0° values.
Similarly to the nanotoroid arrays, the wave propagation of the silver nanodisk array of
dimensions R = 42 nm and H = 11 nm is shown for phase steps 0°, 30° and 60° in Figure 3.2.5
and phase steps 90°, 120° and 150° in Figure 3.2.6 at the incident resonant wavelength of λ =
815 nm.
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x-direction (nm)
Figure 3.2.3: 2D plots of the electric field amplitude for a square array of silver
nanotoroids with Ro = 42 nm and Rin = 21 at resonance λ = 817 nm. Phase sweep of 0° (top),
30° (middle) and 60° (bottom)
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x-direction (nm)
Figure 3.2.4: 2D plots of the electric field amplitude for a square array of silver
nanotoroids with Ro = 42 nm and Rin = 21 at resonance λ = 817 nm. Phase sweep of 90°
(top), 120° (middle) and 150° (bottom)
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x-direction (nm)
Figure 3.2.5: 2D plots of the electric field amplitude for a square array of silver nanodisks
with R = 42 nm and Rin = 10.5 nm at resonance λ = 815 nm. Phase sweep of 0° (top), 30°
(middle) and 60° (bottom)
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x-direction (nm)
Figure 3.2.6: 2D plots of the electric field amplitude for a square array of silver nanodisks
with R = 42 nm and Rin = 10.5 nm at resonance λ = 815 nm. Phase sweep of 90° (top), 120°
(middle) and 150° (bottom)
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Again, the same behavior as the nanotoroid array was noted, where at 0° there was no
enhancement of the fields and as the wave propagated the fields increased to a maximum value at
90°. The difference between the propagation in the nanotoroid and nanodisk arrays was that the
field enhancement for the nanodisk was lower than the nanotoroid for all observed phases.
Comparison of these two nanoparticle geometries showed that as the silver nanotoroid arrays
resonated at λ = 817 nm the peak enhancement factor was higher than a silver nanodisk array
with the same outer radius tuned to resonate at λ = 815 nm. The peak enhancement due to the
nanotoroid array was approximately 47% higher than the nanodisk array. This indicated that for
this case the nanotoroid geometry would be a better nanoparticle for enhancing the field
absorption in a silicon thin-film layer.
3.3 Optimization of the Surface Coverage of Silver Nanotoroids and Nanospheres
In order to fully evaluate the potential for Ag nanotoroid arrays to provide plasmonic
enhancement of energy absorption in an a-Si thin-film, a parametric study of the various
geometric parameters was performed for both an infinite square Ag nanotoroid arrays and an
infinite square Ag nanosphere arrays. Ag nanosphere array had been previously studied in the
literature [32], but as the analysis techniques used and computational domain differed from those
utilized in this thesis it was important to reproduce the parametric study of Ag nanospheres so
that an appropriate comparison with the nanotoroids could be made.
The setup and configuration of the computational domain is described in Section 2.6 of
this thesis. To recall, in this configuration a 500 nm thick a-Si absorbing layer was considered
with a 500 nm thick air space above. Ag nanotoroids were located flat on the top surface of the aSi layer with a 2 nm gap between the bottom of the nanotoroids and the top of the a-Si layer. The
nanotoroids were arranged in a square 2D array on the a-Si surface with the center to center
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nanotoroid spacing defined by the parameter S. The goal was to consider a number of arrays of
various nanotoroid sizes and to optimize the plasmonic enhancement of the energy absorption in
the a-Si layer by varying the interparticle spacing S.
In this study, the potential photocurrent enhancement (%PE) calculated using Equation
2.10.5 was optimized by parametrically sweeping the interparticle spacing S for an array of
nanotoroids. This size of the nanotoroids comprising the array was systematically varied and the
optimum interparticle spacing corresponding to a maximum potential photocurrent enhancement
of each was found. Eight nanotoroid geometries were investigated for the values of Rout = 10, 20,
30, 40, 50, 60, 80 and 100 nm. The aspect ratio was kept constant at Rin/d = 1. Initial values for S
in each case were taken from the optimized Ag nanosphere arrays presented in the literature [32].
That is, for a nanotoroid of Rin = 10 nm, the initial value of S was set to the optimized value from
[32] of an Ag nanosphere array where the nanosphere radius was 10 nm as well. For Rin = 10 nm,
S was varied in steps of 2 nm, For Rin = 20, 30, 40 and 50 nm, S was varied in steps of 10 nm
and for Rin = 60, 80 and 100 nm, S was varied in steps of 20 nm. EF(λ) was calculated for each
and used to calculate %PE. S was varied until %PE was optimized to a maximum value for each
of the geometries.
Figure 3.3.1 illustrates EF(λ) versus the wavelength for each of the nanotoroid geometries
after optimization of S. Here, it was noted that although the aspect ratio of the nanotoroids was
held constant the spectral location of the peak shifted from short wavelengths to longer
wavelengths as the overall size of the nanotoroids increased. In the literature it had been
previously shown that for isolated metallic nanotoroids, the spectral location of the resonance
was a function only of the nanotoroid aspect ratio so long as the surrounding medium was
homogeneous [23]. However, recall that these were not only isolated nanotoroids but also they
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were not immersed in a homogeneous medium, part of the surrounding was air and part was a-Si.
Therefore, the shift in the spectral locations of the nanotoroid resonance even when the aspect
ratio remained the same could be attributed to interactions between adjacent nanotoroids and
interactions with the silicon layer as well.
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Figure 3.3.1: Enhancement factor of the Ag nanotoroid arrays for optimized particle
spacing, S
It was noted that for the optimized nanotoroid arrays of Rout = 30 nm and Rout = 50 nm
that there were sharp dips in the resonance peaks. This was attributed to destructive interference
of the waves transmitted into the a-Si layer, but was not investigated in detail. Despite these dips
in the resonance, the corresponding interparticle spacing S for these two cases was still the
optimal spacing for achieving the greatest %PE. Further investigation would be needed in order
to understand this relationship between the interference of the transmitted, the nanotoroid
geometry and the spectral location of the resonance.
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Table 3.3.1 summarizes the results of the nanotoroid array optimization. Here, the
wavelength of the resonance peak, percent surface coverage of the nanotoroids, peak EF(λ) and
percentage of potential photocurrent enhancement were shown for the various outer radii
investigated. Consider the second two columns of the table, where the peak value of EF(λ) and
percent potential photocurrent enhancement were shown for each of the nanotoroid arrays. The
nanotoroid geometry that gave the highest peak EF(λ) was Rout = 30 nm, at a value of 21.0. In
comparison, the %PE for this geometry was 17.2%. Considering the opposite, the nanotoroid
geometry that gives the highest %PE was Rout = 100 nm at a value of 37.3%. Here, however, the
peak value of EF(λ) was only 2.2. What this showed was that the peak in EF(λ) and %PE did not
necessarily correlate with each other. This is why optimization of the %PE was important, as it
took into account the various wavelength dependent factors that contributed to photocurrent
generation that were not considered by the field enhancement factor.
Table 3.3.1: Optimized nanotoroid arrays.
Outer Radius (nm)

Resonance Peak
Wavelength (nm)

%Surface
Coverage

Peak EF(λ)

%Photocurrent
Enhancement

10

634

37.1

7.3

13.8

20

683

11.0

10.0

29.8

30

777

7.5

21.0

17.2

40

791

14.8

16.4

28.8

50

864

14.5

15.6

12.4

60

887

22.7

6.4

12.2

80

1072

20.9

2.6

9.3

100

1084

30.7

2.2

37.3

80

In Figure 3.3.2, the potential photocurrent enhancement %PE was plotted as a function of
nanoparticle outer radius for both the nanotoroid and nanosphere geometries. The maximum
%PE for the nanosphere occurred at a radius of 80 nm and reached a value of approximately
71%. In comparison, the highest %PE for the nanotoroid occurred at Rout = 100 nm and reaches a
value of approximately 37%. Interesting to note in the trend of the optimized %PE for the
nanotoroids was that there was a significant dip at Rout = 30 nm, where the %PE was only 17%.
In comparison, %PE for Rout = 20 nm and Rout = 40 nm was higher, 30% and 29% respectively.
Now, consider again the spectral distribution of EF(λ), shown in Figure 3.3.1. The resonance
peak for the silver nanotoroid of Rout = 30 nm occurred at λ = 777 nm. Looking back at the AM
1.5 Solar Spectrum from Figure 1.3.1, note that around λ = 770 nm there was a dip in the
intensity. Since the dip was occurring so close to the location of the resonance peak it could be
contributing to the lower %PE observed for the Rout = 30 nm nanotoroid array.
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Figure 3.3.2: Photocurrent enhancement of optimized silver nanoparticle arrays versus
nanoparticle outer radius. Spectral location of the nanotoroid resonance indicated by the
numbers next to each point
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The optimized surface coverage of the nanoparticles on the a-Si layer surface is shown in
Figure 3.3.3 as a function of the nanoparticle outer radius. Here, the trends of the curves for the
nanotoroids and nanospheres had similar behavior from Rout = 10 nm to Rout = 40 nm. However,
at Rout = 50 nm and beyond the two began to diverge. For nanoparticles of Rout ≤ 40 nm, the
optimized surface coverage of the nanospheres was greater than that of the nanotoroids. This
changed for Rout ≥ 50 nm, where the optimized surface coverage of the nanotoroids was greater.
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Figure 3.3.3: Optimized %surface coverage versus nanoparticle outer radius
Previous literature investigating Ag nanospheres have shown that as particle size
increases losses within the nanospheres themselves begin to increase. The literature shows that
peak enhancement for Ag nanospheres occur for nanospheres of radius 80 nm. Above this,
resistive losses in the Ag begin to diminish the plasmonic induced enhancement of energy
absorption in the a-Si [32]. This was in agreement with the results of the Ag nanosphere array
optimization illustrated in Figure 3.3.2. For this reason, larger Ag nanospheres were not
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investigated, as losses were too great to allow enough particles to be placed on the a-Si surface to
provide enhancement above the 71% enhancement observed in the 80 nm radius nanospheres.
The losses in a plasmonic nanoparticle are functions of several factors, one of which
being the volume of the nanoparticle. Notice from Figure 3.3.2 that for Ag nanospheres, the peak
enhancement occurred at a radius of 80 nm. In contrast, the highest enhancement in the
nanotoroids did not occur until Rout = 100 nm, which was the maximum value considered in this
study. Consider the volume comparison of a toroid geometry with that of a sphere. When the
aspect ratio Rin/d = 1 and the toroid outer radius Rout was equal to the sphere radius, the volume
of a toroid was 22.1% the volume of a sphere. Now, comparing an 80 nm radius nanosphere with
a 100 nm radius nanotoroid the volume of the nanotoroid was still much lower than the
nanosphere, at 43.2%. It was expected that the optimum nanotoroid geometry to produce the
greatest photocurrent enhancement would be geometry where the volume was comparable with
the 80 nm nanosphere. In Figure 3.3.2, the curve shows a trend towards achieving larger
photocurrent enhancement for nanotoroids of larger outer radii.
3.4 Effects of Tuning the Nanotoroid Aspect Ratio
While the work described in Section 3.3 did investigate the optimization of Ag
nanotoroid arrays, a parameter that was not investigated was the aspect ratio, Rin/d. From Figure
3.3.2 it was observed that the maximum %PE was obtained for an Ag nanosphere array of radius
R = 80 nm. Comparing this to the Ag nanotoroid of Rout = 80 nm, Rin = 40 nm and S = 320 nm,
EF(λ) is plotted for both the nanosphere and nanotoroid in Figure 3.4.1.
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Figure 3.4.1: Enhancement factor of 80 nm radius nanoparticles
Here, the Ag nanospheres provided higher EF(λ) at the shorter wavelengths, tapering off
to lower vales as the wavelength increased. This was characteristic behavior of Ag nanospheres,
as the resonance peak generally lies around λ = 450 nm. The main peak of the Ag nanotoroids
occurs at λ = 1090 nm and reached a maximum value of the enhancement factor of
approximately 2.85. A significant portion of the EF(λ) spectrum for the nanotoroid was observed
to be lower than 1, indicating that here the nanotoroid was actually blocking a portion of the
incident light. Therefore, it was of interest to further tune the nanotoroid geometry in an attempt
to improve the response in this range.
For this study, Ag nanotoroid arrays of Rout = 80 nm and S = 320 nm were considered.
The variable investigated was the inner radius, which was evaluated at Rin = 40.0, 42.8, 44.4,
48.0 and 50.9 nm. This corresponded to nanotoroid aspect ratios values of Rin/d = 1, 1.15, 1.25,
1.5 and 1.75. Figure 3.4.2 shows the EF(λ) values across a spectral range of λ = 400 nm to λ =
1100 nm.
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Figure 3.4.2: Enhancement factor of 80 nm outer radius nanotoroids with varying inner
radius
From Figure 3.4.2, there were several interesting things to note. First, the higher order
resonances occurred between approximately λ = 400 nm and λ = 600 nm. As the aspect ratio
increased the overall thickness of the nanotoroid decreased and the amplitude of these
resonances increased. Second, consider the main resonance peak for the original Rin = 40 nm
case, located at λ = 1090 nm. Here, as Rin increased the amplitude of this peak decreased, starting
at a value of 2.85 at Rin = 40 nm and reached a minimum value of 1.31 at Rin = 50.9 nm. In
contrast, consider the peak located at λ = 816 nm. For the original nanotoroid, R in = 40 nm, the
peak at this location had an amplitude of 1.50. As Rin increased, however, this peak became
much stronger. The maximum value of this peak occurred at Rin = 50.9 nm, where it reached a
value of 10.6. From this, it was observed that when increasing Rin and keeping other variables
constant, the higher order resonances were enhanced while the main resonance was reduced.
Previous works have provided insight into the higher order resonant modes of nanotoroid and
nanoring geometries [52]. However, these models only considered higher order modes of
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nanorings in a homogeneous medium and in the frequency range where the electrical parameters
do not change. The higher order resonances observed in Figure. 3.4.2 not only occurred for a
nanotoroid in a nonhomogeneous environment (interparticle coupling, located on silicon) but
these resonances also occurred in a spectral range where the material properties of Ag and a-Si
are different than they are at the main resonance. Therefore, more work is needed to determine if
these are truly higher order modes or artifacts from the numerical method used in this work.
In addition to EF(λ), the enhancement of potential photocurrent generation was also
calculated. For the results of Figure 3.4.2, the %PE was found to be 9.3%, 6.9%, 13.7%, 32.6%
and 49.8% for Rin = 40, 42.8, 44.4, 48.0 and 50.9 nm, respectively. This agrees with the observed
changes in EF(λ) for the various cases, as the enhancement of higher order modes is 11× in some
cases, much greater than the degradation of the main resonance, which reduced to just under 0.5×
the original peak. Although this was not a full parametric optimization of the nanotoroid
thickness, it did show how additional tuning of the optimized nanotoroid arrays presented in
Figure 3.3.2 could yield even greater improvement in the percentage of photocurrent
enhancement.
In this chapter, the percent potential photocurrent enhancement was optimized by
parametrically studying the surface coverage of various sized Ag nanotoroid and nanosphere
arrays. Plots of the spectral distribution of the field enhancement factor for each of the optimized
nanotoroids arrays demonstrated the high tunability of the resonance peaks to different spectral
locations. In addition to this optimization, it was found that the aspect ratio of the nanotoroids
had a very strong effect on the amplitude of the higher order resonances, increasing up to 11
times greater than the initial peak value as the aspect ratio was increased. Although in this work
the Ag nanotoroid arrays had not exhibited a higher potential photocurrent enhancement than the
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nanosphere arrays, there was still a significant range of the parameters that had yet to be studied
in order to make a final conclusion on the overall performance of the Ag nanotoroids as
compared to the nanospheres.
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Chapter 4: Irregular Nanostructures on Silicon
The vast majority of work in the field of nanoplasmonics focuses on the characterization
and applications of basic nanoparticle geometries, such as spheres, disks, ellipsoids and as
described in Chapter 3 of this thesis, toroids. There was significantly less research in the study of
highly irregular nanostructures, especially in the applications of absorption enhancement of thinfilm PV devices. In this chapter, the technique for producing a 3D HFSS model of a highly
irregular nanostructure will be discussed. Results from computational studies utilizing this model
will be presented, illustrating the effects of altering the nanostructure material properties and
interactions with adjacent particles.
The work presented in this chapter was accepted for publication in the Journal of the
Applied Computational Electromagnetics Society. This journal article, “Plasmonic Enhancement
of Irregular Shape Nanopatch for Thin Film Silicon Solar Cells,” was the work of the author and
the advising professor of the author [49]. The author of this thesis was the primary author of the
publication, as such there will be some significant similarities in the voice and structure of this
chapter with this publication.
4.1 Motivation of the Irregular Nanostructuring Investigation
The motivation to investigate the irregular structures discussed in this section arose from
a collaborative effort with an experimental research group reported in [43] [44]. They observed
that during a proprietary method for crystallization of silicon thin films, top-down aluminum
induced crystallization (TAIC), irregular nanostructures were forming on the surface of the
crystallized silicon layer. These nanostructures, shown in the SEM image in Figure 4.1.1, form
as a byproduct of TAIC and the processing can be controlled to prevent them from forming [44].
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Figure 4.1.1: Surface nanostructuring after TAIC of a-Si [43]
One of the great difficulties associated with creating plasmonic enhanced solar cells is the
fabrication of the plasmonic nanostructures. Addition of processing steps in any solar cell
fabrication methods will directly increase the manufacturing costs. The structures forming from
the TAIC process have the advantage of forming naturally during the crystallization process.
Generating the structures observed in Figure 4.1.1 does not require additional steps. As such,
there is potential for easy incorporation of these nanostructures into existing processing methods,
should they show desirable plasmonic behavior.
The exact composition of these nanostructures was not well known, but was assumed to
be some combination of silicon and aluminum [43]. In the computational work presented in this
chapter, various irregular nanostructure configurations will be considered as pure aluminum and
combinations of aluminum and amorphous silicon, as illustrated in Figure 2.2.4 and Figure 2.2.5
of Section 2.2 of this thesis. The setup of the computational domain and the methods used to
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generate the irregular 3D nanopatch model were described in Section 2.7. In this work, seven
total cases were studied. The first set of three cases were for a single nanopatch on a silicon
layer, considering the nanopatch to Al/a-Si combinations of 100% Al, 30% Al and 5% Al. The
second set of three cases studies the same nanopatch geometry and material properties, only with
boundary conditions that simulated an infinite square array of nanopatches. The final case was
for a new irregular geometry, where two new nanopatch geometries were considered. Both were
different from each other and different from the geometry of the previous studies, and were
investigated as 100% Al. The field enhancement factor EF(λ) was calculated from λ = 500 nm to
λ = 1200 nm for all cases. For the first six cases, 2D plots of the electric fields in the domain
above and below the nanopatch were shown, providing insight into the nature of the field
interactions by these irregular geometries.
4.2 Enhancement Factor of Single Nanopatches and Uniform Arrays of Nanopatches
Six total cases were considered for the single and infinite nanopatch array simulations.
The geometry and computational setups were discussed in Section 2.y of this thesis. For each of
these two setups, nanopatches composed of 100%, 30% and 5% aluminum were simulated. The
results of Figure 4.2.1 shows the enhancement factor, EF(λ) for the three cases of the single
nanopatch on a-Si versus the wavelength and Figure 4.2.2 shows the enhancement factor, EF(λ)
for the three cases of the infinite nanopatch arrays on a-Si versus the wavelength, all over a
spectral range of λ = 500 nm to λ = 1200 nm.
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Figure 4.2.1: Enhancement factor for single nanopatches on silicon [49]
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Figure 4.2.2: Enhancement factor of infinite nanopatch arrays on silicon [49]
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The plots of square symbols (solid black) represents the 100% Al nanopatches, the plot
in of triangle symbols (dashed black) represents the 30% Al, 70% Si, and the plot of circle
symbols (dotted black) represent nanopatches made of 5% Al, 95% Si.
The nanopatch structure, depicted in Figure 4.1.1 and in Chapter 2 in Figs. 2.8.3 and
2.8.4, had a highly irregular shape with several air gaps in the structure that could contribute to
the observed multiple resonances. Consider Figure 2.7.4, the top view of the nanopatch the light
blue coloring represents the nanopatch and the dark gray represents the a-Si substrate. The
incident wave propagated down into the structure with horizontal polarization across the
nanopatch. It was observed that there were several different locations on the nanopatch where the
electric field was applied across air gap locations. When the nanopatch was considered made of
100% Al, this caused capacitive coupling with the incident light at certain frequencies. Due to
the variance of the sizes and shapes of the air gap locations there was a variance in the capacitive
resonances as well, which could explain why multiple peaks were observed in the EF(λ) plots in
Figure 4.2.1 and Figure 4.2.2.
The results showed a maximum peak at a wavelength of 674 nm for the single nanopatch
as shown in Figure 4.2.1 and at a wavelength of 952 nm for the array as shown in Figure 4.2.2.
As anticipated, when the material of the nanopatches were assumed made of 30%1 70% Si or 5%
Al, 95% Si, the resonance peak was much smaller and occurred at a wavelength 810 nm for both
the single and infinite array cases. As reported in El-Shenawee et al in [26], the resonance of an
array of nanotoroids of the far fields occurs at the same wavelength of a single nanotroid when
the separation distance between elements was in the order of a wavelength. Therefore the results
reported in [26] show accumulative behavior in the extinction coefficient in the case of such
array. However, the results of Figure 4.2.1 and Figure 4.2.2 showed distinct differences between
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the resonances and peaks of the single nanopatch and the infinite array cases. Note that the
results of both were for fields at 500 nm away from the interface, which are considered near
fields. The wave propagation inside the Si layer exhibited a strong likelihood of inter-particle
coupling, which could also explain the observed differences in the resonances in depicted in
Figure 4.2.1 and Figure 4.2.2. This will be shown in the wave propagation graphs of Section 4.6.
The results of Figure 4.2.1 and Figure 4.2.2 illustrate the enhancement factor, calculated
using Equation 2.8.2 for all six nanopatch cases. This showed a slight increase in the EF for both
of the 5% Al cases, with slight improvement by approximately 12% above that in the 30% Al
cases, taken at λ = 810 nm. For these cases, the majority of the electrical properties of the
structures came from Si, which has low electrical permittivity in the frequency range considered.
As such, plasmonic effects that arose from the presence of the Al were reduced. The
enhancement that did take place increased as the wavelength decreased, up to 60% from λ = 700
nm to λ = 500 nm for the single 30% Al nanopatch. At shorter wavelengths the many smaller
features and holes in the structure contributed to slight scattering of the transmitted fields, which
yielded a small increase of the transmitted energy into the Si layer. At the longer wavelengths
these small features became negligible due to the low Al composition. The features produced
little effect on the transmitted fields and as such there was little difference between the case with
the nanopatch and the reference case, making the EF close to 1 as shown for both the single
nanopatch cases of Figure 4.2.1 and infinite array cases of Figure 4.2.2.
4.3 2D Field Distribution: Wave Propagation
Investigation of the electromagnetic wave propagation for these nanopatch simulations
provided insight to the origin of the strong resonances observed in the EF(λ) computations
depicted in Figure 4.2.1 and Figure 4.2.2. In the following section, two dimensional plots of the
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electric field magnitude |E| on the x-z plane at y = 0 will be shown as a function of the phase of
the incident wave.
Figure 4.3.1 illustrates the fields at the plasmonic resonance of the single 100%
aluminum nanopatch at λ = 682 nm, which was the location of the largest of the peaks in the
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enhancement factor (EF) in Figure 4.2.1 (solid black curve).
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Figure 4.3.1: Phase sweep of a single 100% Al nanopatch [49]
Here it was noted that there was a significant component of the propagation of the
transmitted wave was in the x-z directions, as opposed to being strictly in the z-direction if the
nanopatch were not there. This structure induced scattering into lateral modes that led to
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significantly enhanced photon absorption in the silicon layer. This meant that the wave or the
light path inside the silicon increased which led to more absorption of the photon energy and
hence an increase in photocurrent generation. Additionally, note that in Figure 4.3.1 the
scattering by the nanopatch appeared to extend all the way to the boundaries of x = 0 and x =
2000 nm. In traditional air-silicon interfaces with no nanopatches, the transmitted waves will
retain their plane wave behavior in the silicon layer. As such, in figure 4.3.1 we see that the
scattered transmitted waves do not hold any such simple plane wave behavior, indicating that the
scattering did indeed extend all the way to the left and right boundaries. From this, it can be
expected that for the infinite array case there was a strong likelihood that inter-particle coupling
took place, resulting in distinct differences between single patch and infinite array cases.
The phase sweeps for the 30% and 5% Al single nanopatch cases are shown in figure
4.3.2 and 4.3.3, respectively. For the 30% Al case, the excitation was λ = 810 nm. Lateral
propagation of the transmitted wave was still observed, although not nearly as prominent as the
100% aluminum case. The excitation of the 5% Al was λ = 680 nm. This case showed even
more reduction in the scattering in the x-z directions (i.e. lateral scattering) as compared to the
30% Al single nanopatch case. Additionally, scattering for both cases that did take place
appeared to behave more as plane wave propagation further away from the nanostructure, unlike
in the single 100% Al patch case. That is, across the x-axis the fields were continuous. As such,
it was expected that scattering for the 30% and 5% Al cases would not have drastic differences
between the single and infinite array cases.
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Figure 4.3.2: Phase sweep of a single 30% Al nanopatch [49]
The graphs of wave propagation (phase sweep) in silicon of the single nanopatch were
repeated for the infinite array. The results shown in Figure 4.3.4, Figure 4.3.5 and Figure 4.3.6
illustrate similar 2D plots of the magnitude of the real part of the electric fields, for the same
three composite material cases. All graphs were confined under one element of the array for
comparison reasons. Figure 4.3.4 shows the 100% Al nanopatch case at a wavelength of 697 nm,
Figure 4.3.5 shows the 30% single Al patch at a wavelength of 810 nm, and Figure 4.3.6 shows
the 5% single Al patch at a wavelength of 638 nm. These wavelengths were the observed ones of
the peaks in the enhancement factor for each of the cases shown in Figure 4.2.2.
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Figure 4.3.3: Phase sweep of a single 5% Al nanopatch [49]
Just as with the single nanopatch cases, in the infinite array cases strongest lateral
propagation was observed for the 100% Al with reduced scattering for the 30% Al and 5% Al
cases. Next, Consider Figure 4.3.4, which illustrates the 2D fields for the 100% Al infinite array
case at the peak in the EF(λ) plot.
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Figure 4.3.4: Phase sweep of a 100% Al infinite nanopatch array [49]
This peak was shifted by approximately 15 nm as compared to the single nanopatch case.
In addition, note that the pattern of the transmitted fields is somewhat different. The scattering of
the transmitted waves in the single 100% Al nanopatch case appears to be slightly more in the
lateral directions as compared to the infinite array case of Figure 4.3.4. Additionally, the peak
magnitudes of the electric fields were significantly different; 41 V/m for the single 100% Al
nanopatch case versus 136 V/m for the infinite array case, as expected from the coupling of the
fields between adjacent nanopatches.
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Figure 4.3.5: Phase sweep of a 30% Al infinite nanopatch array [49]
In the 30% and 5% Al nanopatch arrays illustrated in Figure 4.3.5 and 4.3.6, there again
was greatly reduces scattering for the 30% case as compared to the 100% case and even more
reduction in the 5% case. As compared to their single nanopatch counterparts from Figure 4.3.2
and Figure 4.3.3, the infinite array field graphs of the 30% and 5% Al nanopatches had some
distinct similarities as well as some differences. In both cases the maximum field values were
similar, 4.0 (V/m) and 3.1 (V/m) for the 30% Al infinite array and single nanopatch cases
respectively and 0.87 (V/m) and 0.83 (V/m) for the 5% Al infinite array and single nanopatch
cases, respectively. Differences do exist in the field patterns for the two cases. In the single
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nanopatch cases note that the fields decayed at the x = 0 nm and x = 2000 nm faces, as opposed
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to the infinite array cases where the fields continued uniformly at these faces.
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Figure 4.3.6: Phase sweep of a 5% Al infinite nanopatch array [49]
4.4 2D Field Distribution: Spectral Variance
In this section, the two dimensional field distributions were observed for all six
nanopatch cases as a function of the wavelength of the incident wave excitation. The purpose of
this was to understand the strong spectral variance observed in the EF(λ) plots (Figure 4.2.1 and
Figure 4.2.2) of these structures. By observing and comparing the field distributions at several
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resonant and non-resonant locations, it was believed to be possible to determine the origin of this
spectral variance in EF(λ).
In Figure 4.4.1, the 100% single Al nanopatch, the 2D electric field plots were observed
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for incident wavelength values of 638 nm, 682 nm, 750 nm, 833 nm, 952 nm, and 1111 nm.
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Figure 4.4.1: Wavelength sweep of a single 100% Al nanopatch [49]
The plots at 682 nm, 833 nm, 952 nm and 1111 nm were associated with the
enhancement peaks in Figure 4.2.1, while the 638 nm and 750 nm plots were just non-resonant
values for the sake of comparison. Visually, these field plots matched well with what would be
expected after considering the enhancement factor in Figure 4.3.1. The strong EF(λ) peak
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observed at 682 nm in Figure 4.3.1 was visually confirmed in Figure 4.4.1. Here, there were not
only strong enhancements of the near fields at the patch-silicon interface but also significant
enhancement of the propagating waves transmitted into the silicon layer. The next two peaks are
shown in Figure 4.4.1 at 833 nm and 952 nm, respectively. Both these plots show significant
enhancement of the transmitted propagating waves, though reduced in magnitude from that
occurs at λ = 682 nm. At λ = 1111 nm, another slight peak in EF(λ) observed in Figure 4.2.1.
Here the enhancement seemed to be localized more closely to the structures than in the other
three observed peaks, which show strong enhancement of the waves transmitted deeper in the
silicon layer.
Figure 4.4.2 illustrates similar 2D field graphs for the 30% Al single nanopatch case. In
the 100% Al single nanopatch case the highest values of the electric field was approximately
41V/m while for the 30% Al single nanopatch case it was around 9 V/m. From Figure 4.2.1, the
main peak in EF(λ) for the 30% Al case occurred at λ = 833 nm. This was supported by Figure
4.4.2, where there were slightly higher magnitudes in the fields transmitted into the silicon layer
as opposed to the other observed wavelengths. Compared to the 100% Al case, there was not
nearly as dramatic differences between the observed wavelengths in the 30% Al single
nanopatch case. This was attributed to the greatly reduced magnitude of resonance of the
structure as shown in Figure 4.2.1.
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Figure 4.4.2: Wavelength sweep of a single 30% Al nanopatch [49]
The 2D electric field graphs for various wavelengths in the 5% Al single nanopatch case
are illustrated in Figure 4.4.3. Similarly, a significant decrease was seen in the maximum electric
field value in the silicon layer for this case, 0.8 V/m, as compared to 9V/m for the 30% Al case,
9 V/m. This trend indicated that for Al-Si mixed nanostructures, plasmonic enhancement was
strongly dependent on the concentration of Al within the nanostructure.
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Figure 4.4.3: Wavelength sweep of a single 5% Al nanopatch [49]
Figure 4.4.4 illustrates the 100% Al infinite nanopatch array, with the nonresonant locations occurring at incident wavelengths of 638, 750 and 1034 nm respectively. Note
at these wavelengths that although the structure did cause some scattering of the incident plane
wave, this scattering was be located close to the nanostructure surface, less than 50 nm away,
and did not extend to the periodic boundaries at the x = 0 and 2000 nm and y = -1000 and 1000
nm extremities. In Figure 4.4.4 at wavelengths of 697, 833 and 1000 nm, respectively, the peaks
in the EF(λ) in Figure 4.2.2 plot occurred.
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Figure 4.4.4: Wavelength sweep of a 100% Al infinite nanopatch array [49]
At these wavelengths, the nanopatch structure exhibited strong scattering of the incident
plane wave. This scattering clearly extended to the periodic boundaries, thus indicating that
coupling between adjacent particles was possible in the patch array case. Consider this infinite
array case compared to the single nanopatch case depicted in Figure 4.3.1. In both cases very
similar patterns are seen in the scattering of the transmitted field in the silicon layer. The major
difference between the two lay in the peak values of the electric fields in both cases. In the single
nanopatch case, the peak electric field in the silicon layer was ~41 V/m, while the peak value in
the infinite array case was approximately 122.5 V/m. The observed wavelengths were not
exactly the same, 682 nm for the single nanopatch and 697 for the array.
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Similar plots are shown in Figure 4.4.5 and Figure 4.4.6 for the 30% and 5% Al
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Figure 4.4.5: Wavelength sweep of a 30% Al infinite nanopatch array [49]
Upon comparing the maximum transmitted fields in silicon for the infinite arrays, Figure
4.4.4, Figure 4.4.5 and Figure 4.4.6, the maximum field value occurred in Figure 4.4.4 as 41V/m,
in Figure 4.4.5 as 4 V/m and in Figure 4.4.6 as 0.888V/m. Note that in both Figure 4.4.5 and
Figure 4.4.6 the scattering of the transmitted wave caused by the nanostructure again did not
extend to the periodic boundaries located at the x = 0 and 2000 nm and y = -1000 nm and 1000
nm extremities for all observed wavelengths. As such, the coupling between adjacent structures
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was not present in the 30% Al case compared with the 100% Al case. This explained the
similarities observed between Figure 4.4.2 and Figure 4.4.5, the 30% Al cases, and the 5% Al
cases, Figure 4.4.3 and Figure 4.4.6. These plots also explained the similarity between the
infinite array and single nanopatch EF(λ) calculations for the nanopatch compositions of 30%
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Figure 4.4.6: Wavelength sweep of a 5% Al infinite nanopatch array [49]
Figure 4.4.4 also illustrates the mechanism by which this irregular geometry had multiple
resonance peaks. Consider the excitation of λ = 697 nm. Here, the strongest field enhancements
were located just left of the center point of the nanopatch at approximately x = 900 nm. This
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indicates that the local patch geometry at this location resonated strongly at 697 nm, much
stronger than other locations on the patch. Now consider the incident wavelength of 1000 nm,
which was another strong resonant peak in the 100% Al infinite array case. Here, the strongest
resonance occurred at the far right of the nanostructure at approximately x = 1400. This change
in the physical location of the plasmon resonance indicated that in highly irregular nanostructure
geometries, where holes can represent cavity-like structure, localized enhanced fields could be
supported at various locations on the structure.
Investigating these 2D electric field plots at various incident wavelengths provided
several insights to the nature of the electromagnetic wave interaction with the nanopatches. For
nanopatches of pure aluminum, there was strong variance in the field patterns in the silicon layer
as the incident wavelength changed. As the nanopatch was considered to be more silicon than
aluminum, this behavior changed and the fields were much more similar across all wavelengths.
This correlated well with the plots of the enhancement factor, where it was noted that 100% Al
nanopatches exhibited strong spectral variance while 30% and 5% Al were much more constant
across the spectrum.
4.5 Enhancement Factor of a Finite Dual Nanopatch Geometry
Although infinite array representations did yield important information on interparticle
coupling at a significant reduction of the computational domain size, it was important to consider
coupling between non-identical particles as well. In this section, two new non-identical
nanopatch geometries were considered. These structures were generated using the same method
described in Section 2.8. Both structures were approximately 450 nm and 600 nm across,
respectively, 50 nm thick in the z - direction and 900 nm center to center spacing with the
incident excitation polarization oriented across the gap. This setup is illustrated in Figure 4.5.1.
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The electrical properties of both of the nanopatches used here were 100% Al. The Si layer was
1800 nm by 2600 nm by 500 nm, the air region above the Si was 500 nm thick in the z –
direction. For consistency in this work, the external boundaries were set to absorbing radiation
boundaries.
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Figure 4.5.1: Isometric view of the finite dual nanopatch geometry [49]
In this case, the enhancement factor was calculated using Equation 4.3.2 and the results
are illustrated in Figure4.5.2. Between λ = 770 nm and λ = 833 nm EF(λ) fell below 1, indicating
to deterioration in efficiency, reaching its lowest value of 0.84 at λ = 833 nm. Aside from this
range, the EF(λ) was above 1, indicating enhancement of the electromagnetic fields in the Si
layer for most of the considered spectrum. Between wavelengths of 845 nm and 992 nm it was

109

noted that a varying level of enhancement exists. The highest peak occurred at λ = 984 nm and
reached a value of 8.47.
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Figure 4.5.2: Enhancement factor of the finite dual nanopatch geometry [49]
From these results it was concluded that there is potential for highly irregular aluminum
nanostructures to provide significant enhancement of the electromagnetic energy absorption in
silicon thin films despite variance in the nanopatch geometry. The multiple enhancement peaks
shown by all three pure aluminum cases supported the possibility that plasmonic enhancement
by irregular nanostructures such as these was not entirely coincidental, in that it is likely that
with any similar irregular geometry there would be significant plasmonic enhancement, as
opposed to degradation of the fields in the silicon layer. The 2D field plots illustrated how the
irregular geometry directly contributes to the multiple resonances observed in the enhancement
factor of the 100% Al nanostructures. Possibly the most useful thing concluded from this study
was that for low concentrations of Al in the nanostructure there was no degradation of the fields
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absorbed in the silicon layer. What this means is that it is likely that these structures would not
have a negative effect on the performance of a solar cell device that was fabricated with these
structures on the surface.
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Chapter 5: Summary and Conclusions
In this work, computational investigation of plasmonic nanostructures was performed
using the commercial finite element method electromagnetics solver Ansys® HFSS. Methods
were developed for quantifying the enhancements of the electromagnetic fields in an amorphous
silicon layer due to surface localized plasmonic nanostructures was developed. By calculating
this field enhancement in HFSS, a simple model based off this was developed to approximate the
enhancement of the photocurrent generation by the amorphous silicon solar cell due to the
plasmonic nanostructures studied in this work. In comparing the performance of the field
enhancement of nanoparticle arrays, it was found that calculation of the photocurrent
enhancement demonstrated a better metric for comparison than the wavelength dependent
enhancement factor alone.
Arrays of Ag toroid nanoparticles located on the surface of an amorphous silicon thinfilm absorbing layer were studied for particle sizes ranging from 20 nm to 200 nm in outer
diameter. It was observed that for arrays of isolated Ag nanotoroids, tuning of the nanotoroid
aspect ratio was found to directly shift the peak of the enhancement factor of these arrays.
Additionally, 2D plots of the electric fields illustrated the nature of the plasmonic enhancement
of the fields in the silicon layer due to these nanoparticles.
Parametric optimization by calculating the potential photocurrent enhancement due to the
nanoparticles was performed and a comparison was made between these optimized nanotoroid
arrays and optimized nanosphere arrays. The greatest potential photocurrent enhancement for the
nanotoroid arrays was found to be 49.8% for nanotoroids of Rout = 80 nm, Rin = 11.4 nm and S =
320 nm. In comparison, the maximum potential photocurrent enhancement observed for the
optimized Ag nanosphere arrays provided a potential maximum photocurrent enhancement of
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approximately 71.1%. Ag nanotoroids offer promising potential for improving absorption in
thin-film silicon solar cells, as the spectral location of their resonances was shown to be highly
tunable as compared to that of the Ag nanosphere, which were relatively fixed. The results
showed a trend to achieve larger enhancements for larger nanotoroids.
In addition to nanotoroids, larger, relatively irregular structures were investigated.
Inspired by surface structure observed during the top-down aluminum induced crystallization of
amorphous silicon conducted by other researchers as reported in the literature, a 3D model of an
irregular nanostructure was investigated, considering the structure the be pure Al, pure
amorphous silicon as well as various weighted averages of the two. Absorption enhancement in
the underlying amorphous silicon layer was calculated and multiple, broadband spectral resonant
peaks were observed. Electric field distributions showed that these structures provided
significant scattering and enhancement of the light transmitted into the amorphous silicon layer
when the structures were considered to be purely Al, with reduced scattering and enhancement as
the structure was considered to comprise of increasing amounts of amorphous silicon. However,
for all cases the presence of the nanostructure did not cause degradation of the fields transmitted
into the silicon layer. This indicated that these structures or similar ones may not be detrimental
to the performance of silicon thin-film solar cells and may have a potential to significantly
improve performance.
Two parallelized versions of HFSS were compared, one utilizing the basic
multiprocessing configuration and another utilizing the advanced domain decomposition method.
It was found that the domain decomposition method not only drastically decreased solution time,
but decreased the memory requirements of the solution as well. Due to the large number of
frequency points needed to fully resolve the plasmonic resonances observed in this work along
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with the high mesh discretization requirements for achieving converged solutions, the
parallelization was of great importance to allow for the results to be acquired in a reasonable
amount of time.
The work presented in this thesis supports the promising application of nanoplasmonics
for applications in improving silicon solar cells. Future work to further study the wide range of
the variables influencing plasmonic nanotoroid array performance could yield photocurrent
enhancements higher than those possible using nanosphere arrays. In order to further investigate
the irregular nanostructures studied in Chapter 4 of this thesis, it was important to expand on
understanding the coupling between non identical nanostructures, as this would be closer to what
was observed experimentally.
By improving the performance of silicon photovoltaics by means of plasmonic
nanostructures, the cost-per-watt of commercially available solar panel could be drastically
reduced, leading to an inexpensive, clean alternative to the fossil fuels society depends on today.
The design and optimization of these plasmonic solar cells was critical, as improperly design
plasmonic solar cells can lead to even worse performance than solar cells without the plasmonics
present. As such, care must be taken to ensure that plasmonic photovoltaics were designed and
studied correctly and efficiently. The work presented in this thesis offers key insights to the
nature of plasmonic enhancement of absorption in silicon photovoltaics as well as the
computational methods utilized to perform these studies.
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Appendix A: Description of Research for Popular Publication
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Tiny Things Bring Big Change
Nanotechnology could be solar energy’s savior

Tiny metal nanoparticles may be the key to the big breakthrough solar energy technology is
looking for. At the University of Arkansas, µEP MS student Nathan Burford and his major
professor Dr. Magda El-Shenawee in the works of unlocking the key to trapping light inside of
cheap, lightweight solar cells that otherwise cannot absorb as much as their bulky, expensive
counterparts.

Thin solar cells have the benefit of being cheap to manufacture, but suffer the problem that too
much light will pass through them, like a thin piece of paper held up to a light. Light gets into the
solar cell, but escapes right away.

However, placing metal nanoscale particles on the surface of these thin solar cells can potentially
trap light inside, preventing its escape and helping the solar cell to better harvest the energy from
the sun. Utilizing the computational powerhouse at the Arkansas High Performance Computing
Center, Mr. Nathan Burford is fine tuning designs of such “light trapping” devices.
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Figure 1: Computer simulation of light trapping in a photovoltaic device by metallic
nanoparticles

In Figure 1, the mechanisms for nanoplasmonic light trapping is illustrated, where the
nanoparticles cause localizations of the energy at the surface (red spots) and scatter the light at an
angle inside the solar cell.

“Designing these devices on a computer is key,” says Burford. “Otherwise, we would be in the
lab day in and day out hoping that eventually we will have a design that works okay.”

Studying these metal nanoparticles, the researchers are attempting to find the right sizes and
shape that do the best job of guiding the light into the solar cell. By doing this, the amount of
electrical current the solar cell generates can be significantly increased. This will make solar
cells cheaper, lighter, and better performing, critical if solar energy is going to become
competitive with the oil industry.
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Appendix B: Executive Summary of Newly Created Intellectual Property

The following list of new intellectual property items were created in the course of this
research project and should be considered from both a patent and commercialization perspective.
1. A design of surface localized silver nanotoroid arrays with surface coverage
optimized to generate the highest enhancement of photocurrent generation by a
silicon solar cell.
2. An irregular aluminum nanostructure located on the surface of a silicon solar cell
with strong plasmonic resonances in the optical and near infrared regions.
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Appendix C: Potential Patent and Commercialization Aspects of listed Intellectual
Property Items

C.1 Patentability of Intellectual Property (Could Each Item be Patented)
The two items listed were considered first from the perspective of whether or not the item
could be patented.
1. The silver nanotoroid array design can be patented. The optimized surface coverage for
each of the nanotoroid geometries is unique and takes significant study to determine,
making the optimized surface coverage non-obvious to one skilled in the art.
2. The irregular aluminum nanostructures can be patented. The structures observed have
definitive overall size within a reasonable range and a very unique geometry. To
someone skilled in the art, it is not obvious that these structures would exhibit ideal
plasmonic enhancement behavior, as these structures although consistent in overall
size are very irregular in shape.
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C.2 Commercialization Prospects (Should Each Item Be Patented)

The two items listed were then considered from the perspective of whether or not the
item should be patented.
1. The silver nanotoroid array design should not be patented. The geometry range
investigated in this work did not yet show improvement from the nanotoroid design
as compared to their nanosphere counterpart. However, this work indicated that the
maximum potential of the nanotoroid array has not been reached, so improved
enhancement over nanosphere arrays could be possible.
2. The irregular aluminum nanostructure should not be patented. The strong plasmonic
resonances occurring in the structure are observed across the full spectral absorption
band of silicon. However, it should be confirmed experimentally first in order to
provide a true proof of concept. If these structures could be integrated into thin-film
silicon solar cell fabrication they could lead to drastic improvements in device
efficiency and reduction of the cost-per-watt of solar energy.
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C.3 Possible Prior Disclosure of IP

The following items were discussed in a public forum or have published information that
could impact the patentability of the listed IP.
1. The optimized silver nanotoroid arrays have been discussed in publications and
presentations by the author. The following is a list of publications:

N. Burford and M. El-Shenawee, "Absorption Enhancement in Silicon Solar Cells due to
Surface Plasmons of Nanotoroids," Proc. of the IEEE Int. Symp. on Antennas and Prop.
and USNC/URSI National Radio Science Meeting, Chicago, USA, July 8-13, 2012
N. Burford and M. El-Shenawee, "Qualitative Measure of Photocurrent Enhancement in
Silicon Solar Cells due to Plasmonic Antennas," Proc. 29th Annual Review of Progress in
Applied Computational Electromagnetics, March 24-28, 2013
N. Burford and M. El-Shenawee, "Parallel MoM Computation of Localized Field in
Silicon due to Finite Array of Nanotoroids," Proc. 29th Annual Review of Progress in
Applied Computational Electromagnetics, March 24-28, 2013
N. Burford and M. El-Shenawee, "Optimization of Nanotoroid Arrays for Plasmonic
Solar Cell Applications," Proc. of the IEEE Int. Symp. on Antennas and Prop. and
USNC/URSI National Radio Science Meeting, Orlando, USA, July 7-13, 2013 (accepted
for presentation)

2. The irregular nanostructure geometry has been discussed in publications and
presentations by the author and collaborators. The following is a list of publications:

N. Burford and M. El-Shenawee, S. Shumate, D. Hutchings and H. Naseem, "Field
Enhancement Due to Surface Structering During Aluminum Induced Crystallization of
Amorphous Silicon," Proc. of the IEEE Int. Symp. on Antennas and Prop. and
USNC/URSI National Radio Science Meeting, Chicago, USA, July 8-13, 2012
N. Burford and M. El-Shenawee, "Plasmonic Enhancement of Irregular Shape Nanopatch for Thin Film Silicon Solar Cells," Appl. Computational Electromagnetics Society
J., 2013 (accepted)
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Appendix D: Broader Impact of Research

D.1 Applicability of Research Methods to Other Problems
Nanoplasmonics have significant potential in the integration of nanophotonics and
nanoelectronics. Manipulating light in the subwavelength nanoscale can allow for drastic
reduction of the sizes of photonic systems. One of the barriers to this is designing plasmonic
structures that couple with the desired photons, that is, photons of a specific wavelength. In this
work, it has been shown how computational methods can be used to design and tune plasmonic
nanoparticles, specifically nanotoroids, to have resonances at various wavelengths. This can
greatly help the design of nanoscale optical waveguides and lead to better integration of micro
and nanoelectronics with photonic systems.
D.2 Impact of Research Results on U.S. and Global Society
The research discussed in this thesis has the potential for significant impact on U.S. and
global society. The world is facing a major crisis, as oil prices are rising, demand is rising and
supply is diminishing. To overcome this crisis, alternative forms of energy must be greatly
improved upon before widespread acceptance will occur. The research presented here has the
potential to greatly reduce the cost-per-watt of silicon solar cells by improving the efficiencies of
cheap, normally lower efficiency silicon thin-film solar cells.
The introduction of a renewable energy source that is competitive, or even cheaper than
fossil fuels could have significant impact on the world. Although the energy crisis would be
solved, the very large global oil industry would diminish, potentially leading to increased
unemployment and even an economic recession. In order for the transition from fossil fuels to
renewable solar energy to occur smoothly, it must be integrated over a long enough period of
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time for the shift in employment from jobs in the oil industry to jobs in the renewable energy
industry to happen without drastic layoffs in a short period of time.
D.3 Impact of Research Results on the Environment
This research has a potential for positive impact on the environment. It is well known that
humanities use of fossil fuels contributes to a great deal of negative environmental effects; smog,
oil spills and the depletion of the atmosphere’s ozone layer to name a few. Solar energy, in
comparison, has a much lower negative impact to the environment. Once installed, solar panels
produce virtually no waste and require little upkeep. Although using solar energy is
environmentally friendly, it is important to remember that the processing needed to produce
silicon solar cells in large quantities does require high temperatures and can produce toxic byproducts. Additionally, in order for solar energy to be viable, large electrical energy storage
facilities would be needed to hold power for night and times of greater cloud cover. Systems
such as this could potentially be just a detrimental to the environment as fossil fuels, due to the
toxic chemical needed for such energy storage. This is much less severe than what occurs during
the processing and usage of fossil fuels, but it is important to be humble and realize that
renewable energy does not necessarily mean 100% environmentally friendly.
Although considered more environmentally friendly than fossil fuels, there are certain
potential problems to consider. Consider the extreme case in which all world energy usage
comes from photovoltaics. Here, thousands of square miles of solar panels are needed to provide
adequate power to the world. However, these miles and miles of solar panels are now absorbing
light that would normally go to absorption in the environment in the form of heat. This could
potentially have a negative local effect from the significant loss in thermal energy that would
normally be received from the sun.
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Appendix E: Microsoft Project for MS MicroEP Degree Plan
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Appendix F: Identification of All Software Used in Research and Thesis Generation

Computer #1:
Model Number: N/A
Serial Number: 1610C025100016
Location: ENRC 4906
Owner: Dr. Magda El-Shenawee
Software #1:
Name: ANSYS® HFSS
Owner: Dr. Magda El-Shenawee
Serial Number: 1-228293401
Software #2:
Name: Microsoft Office 2010
Owner: Electrical Engineering Department
Software #3:
Name: MATLAB v7.10.0.499
Owner: Electrical Engineering Department
Computer #2:
Model Number: Dell Latitude E5520
Serial Number: 26082332533
Location: N/A
Owner: Nathan M. Burford
Software #1:
Name: Microsoft Office 2010
Owner: Nathan M. Burford
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Appendix G: All Publications Published, Submitted and Planned

Conference Proceedings
– N. Burford and M. El-Shenawee, "Absorption Enhancement in Silicon Solar Cells
due to Surface Plasmons of Nanotoroids," Proc. of the IEEE Int. Symp. on
Antennas and Prop. and USNC/URSI National Radio Science Meeting, Chicago,
USA, July 8-13, 2012
– N. Burford and M. El-Shenawee, S. Shumate, D. Hutchings and H. Naseem,
"Field Enhancement Due to Surface Structering During Aluminum Induced
Crystallization of Amorphous Silicon," Proc. of the IEEE Int. Symp. on Antennas
and Prop. and USNC/URSI National Radio Science Meeting, Chicago, USA, July
8-13, 2012
– N. Burford and M. El-Shenawee, "Qualitative Measure of Photocurrent
Enhancement in Silicon Solar Cells due to Plasmonic Antennas," Proc. 29th
Annual Review of Progress in Applied Computational Electromagnetics, March
24-28, 2013
– N. Burford and M. El-Shenawee, "Parallel MoM Computation of Localized Field
in Silicon due to Finite Array of Nanotoroids," Proc. 29th Annual Review of
Progress in Applied Computational Electromagnetics, March 24-28, 2013
– N. Burford and M. El-Shenawee, "Optimization of Nanotoroid Arrays for
Plasmonic Solar Cell Applications," Proc. of the IEEE Int. Symp. on Antennas
and Prop. and USNC/URSI National Radio Science Meeting, Orlando, USA, July
7-13, 2013 (accepted for presentation)
Journal Publications
– N. Burford and M. El-Shenawee, "Plasmonic Enhancement of Irregular Shape
Nano-patch for Thin Film Silicon Solar Cells," Appl. Computational
Electromagnetics Society J., 2013 (accepted)
Planned Publications
– N. Burford and M. El-Shenawee, “Silver Nanotoroid Arrays for the Absorption
Enhancement of Silicon Photovoltaics"
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